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ABSTRACT
PETROGENETIC RELATIONSHIP OF THE POSTCALDERA ERUPTIONS
OF MOUNT MAZAMA, CRATER LAKE, OREGON;
EVOLUTION OF A SUB-VOLCANIC MAGMA
CHAMBER FOLLOWING A LARGE
SILICIC ERUPTION
by
Michelle Leanne Tebbe
August 2012
Mount Mazama is the volcanic edifice that cataclysmically erupted ~503 km of
relatively homogeneous rhyodacite lava ~ 7,700 years ago, forming the caldera known
as Crater Lake. Within a few hundred years, andesitic eruptions built three distinct
volcanic edifices on the floor of Crater Lake; ~ 3000 years later, rhyodacite eruptions
formed a dome (Bacon et al., 2002). How magmatic systems evolve following a
shallow, relatively large silicic eruption is the focus of this study.
In situ geochemical analysis coupled with high-resolution textural images of
plagioclase crystals in the four postcaldera volcanic edifices were used to identify
distinct crystal populations and identify magmatic processes involved in their
formation. Five distinct crystal populations were identified within the postcaldera
rocks: LSr antecrysts and Bytownite antecrysts originated in the climactic magma
chamber; granitoid antecrysts were part of the magma chamber wall rock; and andesite
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phenocrysts and basalt phenocrysts represent new magma or melt ± crystals in the
postcaldera magma system.
The postcaldera magma system of Mount Mazama’s climactic eruption is an
example of how large silicic magma chambers evolve following a large silicic eruption.
The results show that assimilation, and fractional crystallization, magma mixing with
new mafic magma occurred in the postcaldera magma chamber. These results establish
that a large silicic eruption may be followed by imputs of new magma. Combining in
situ chemical data with high resolution textural imaging is an effective way to identify
distinct crystal populations and discern magmatic processes in a large silicic magma
chamber and may be applicable to other magma systems.
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CHAPTER I
INTRODUCTION
Large explosive silicic volcanic eruptions are one of the most deadly and
destructive natural forces on Earth. Immediate consequences are relatively local and
absolutely violent devastation wrought by pyroclastic flows, pumice and ash fall, lahars,
and, depending on proximity to bodies of water, tsunamis. Long term and potentially
global repercussions include ash and sulfate aerosols that can circle the planet and lower
global temperatures for years, reducing crop production (Self, 2006).
Crater Lake caldera (Oregon) formed as the result of the largest silicic Holocene
eruption in the Cascade arc ~ 7,700 years ago when Mount Mazama cataclysmically
erupted ~ 50 km3 of mainly rhyodacite magma (Bacon, 1983). Within a few hundred
years, subsequent eruptions built three andesitic edifices on the caldera floor as the
caldera lake filled with water; the most recent eruption built a rhyodacite dome ~ 4800
BP (e.g., Bacon et al., 2002, Bacon, 2008).
The goal of this study is to understand the volcanic processes that occur in an
upper crustal magma system after a large silicic eruption by identifying distinct crystal
populations in Crater Lake’s postcaldera eruptions. This is accomplished by in situ
chemical analysis of plagioclase coupled with high-resolution imaging (e.g.
Hawkesworth et al., 2000). Once distinct crystal populations are defined, the magmatic
processes that brought them together are identified. The significance of this research is
that it enhances our understanding of the processes that occurred after a large silicic
eruption, the most devastating and deadly type of volcanic activity.
1
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The legacy of Mount Mazama’s climactic caldera-forming eruption includes
exposed stratigraphy of its caldera walls, which reveal 400 ka years of edifice building
volcanic eruptions and a classically zoned ignimbrite (Williams, 1942; Bacon, 1983),
which reveals the chemical evolution and the physical state of the climactic magma
chamber responsible for decapitating Mount Mazama (Bacon, 1983). These features
make Mount Mazama amenable for study and much has already been learned about the
Mazama system. What is not as visible, nor accessible, but just as important in the
history of Mazama’s magmatic cycle, are the postcaldera eruptions of andesite and
rhyodacite.
Crater Lake caldera is the youngest of only three Quaternary calderas in the
Cascade volcanic arc (Hildreth, 1996) and is home to the deepest lake (594 m) in the
United States. Despite its elite status among Holocene Cascade Arc volcanoes, Crater
Lake caldera is just one of over 245 recognized calderas around the world. According to
Geyer and Marti (2008), the most common characteristics of collapse calderas < 500 km

2

are: (1) They form by plate/piston collapse, (2) they are located in subduction-zone
settings, (3) thick continental crust underlies them, (4) they are related to stratovolcano
development, (5) precursor volcanic activity produces mainly felsic calc-alkaline magma,
and (6) they are located in extensional environments. All of these common
characteristics apply to Crater Lake caldera, making it an archetype of collapse calderas.
Information learned about the evolution of the postcaldera magma chamber can be
applied to other caldera-forming volcanoes and to silicic volcanic systems worldwide.

3
In the past one hundred years, several large explosive silicic eruptions have
illustrated their destructive and deadly potential. In 1815, Tambora (Indonesia)
3

catastrophically erupted ~30 km of magma (Self et al., 2004). Less than 70 years later,
3

Krakatau (Indonesia, 1883) erupted ~ 12.5 km of magma (Mandeville et al., 1996). Less
than 30 years later, in 1912, Katmai-Novarupta (North America) explosively erupted ~13
3

km of magma (Turner et al., 2010). In each case, the withdrawal of relatively large
amounts of magma resulted in caldera collapse. Collapsed calderas are now recognized
to be the surface manifestation of large shallow silicic magma bodies (e.g., Lipman,
1984; Hughes & Mahood, 2011). Exposed granitic batholiths indicate that the presence
of these large silicic magma bodies near the Earth’s surface is not uncommon (Jellinek &
De Paolo, 2003). Upper crustal magma bodies are not isolated bodies of near surface
magma; Hildreth (1981) describes silicic upper crustal magma chambers as the upper
portion of a continuous magma-processing column that begins deeper in the crust and
mantle.
Magmatic processes responsible for producing large amounts of silicic magma
may include fractional crystallization of a more mafic magma (Bowen, 1928), melting of
silicic crustal rock, or a combination of both (DePaolo, 1981). More recently, the idea
that silicic magma could be produced by magma recharge where residual buoyant silicic
melt rises through a crystal mush filter has gained acceptance (e.g., Bacon & Druitt,
1988; Sisson & Bacon, 1999; Dreher et al., 2005). One main difference between a silicic
body of magma that forms by the cooling of a fractionally crystallizing body of magma
and one that forms by mafic recharge supplying the silicic melt is that mafic recharge is
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often a mechanism for triggering eruption (Sparks et al., 1977), and the timescales for
magma accumulation and reservoir growth preceding a large silicic caldera-forming
eruption may occur as quickly as decades and even within a month (Druitt et al., 2012).
Understanding how arc magmatic systems evolve following a large silicic
caldera-producing eruption can be enhanced by whole rock and, in particular, in situ
mineral data that provide means by which to study this important phase of volcanic
activity. In situ geochemical analysis coupled to high-resolution textural images of
magmatic crystals have proven to be capable of identifying distinct crystal populations
based on core to rim variations (Salisbury et al., 2008). Such a core to rim history
reflects the magmatic events that occurred during crystal formation and residence in a
magmatic system (e.g., Tepley et al., 2000; Ginibre et al., 2007). Magmatic events
previously identified by in situ chemical stratigraphy of plagioclase crystals include
magma chamber overturn (e.g., Triebold et al., 2006), crustal contamination (e.g., Ramos
et al., 2005), basaltic and silicic magma recharge leading to eruption (e.g., Ginibre et al.,
2002; de Silva et al., 2008, respectively), and multistage ascent and crystallization (Berlo
et al., 2007). Textural evidence for these events includes resorbed cores or rims,
pervasive sieve texture, reaction rims, fine- and large-scale oscillatory zoning, and sector
zoning (e.g., Singer et al., 1995; Streck, 2008).
To date, a comprehensive set of whole rock geochemical analyses, a limited
number of single grain isotopic studies, and a few in situ crystal analyses have been done
on the postcaldera eruptions at Crater Lake (Bacon & Druitt, 1988). The aim of my
research is to determine the state of the postcaldera plumbing system and identify the key
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magmatic processes that contributed to the formation of the associated magmas. Using
plagioclase in situ geochemical and textural data, I will document core to rim crystal
histories (e.g., Tepley & Davidson, 2003, Davidson et al., 2005, 2007) and characterize
distinct crystal populations. Common chemical and textural profiles among crystals
imply that the crystals experienced the same events and share a common history. Once
identified, the magmatic processes that operated to bring the distinct populations together
can be discerned. This work will lead to an enhanced understanding of the evolution of
the postcaldera magma system and may be extended to other volcanic systems where it is
vital to understand the physical disposition of the magmatic plumbing system (Bohrson,
2007).

CHAPTER II
BACKGROUND
Tectonic Setting
Subduction Zone Influence
The Cascade volcanic arc is 1,250 km long and extends from the Garibaldi
Volcanic Belt in southern British Columbia, Canada to the Lassen volcanic complex in
northern California, USA (Figure 1). The relatively slow subduction (~36–50 mm/yr) of
the young (10 Myr; Riddihough, 1984) and relatively hot (Hyndman & Wang, 1993)
oceanic plates under the North American plate initiates mantle melting and volcanism.
The intersection of the Blanco Fracture Zone with the northern limit of the Gorda ridge,
which is the location of separation of the smaller Gorda plate with the Juan de Fuca Plate
(Chaytor et al., 2004), lies at ~ 43º N latitude. Mount Mazama is located in south-central
Oregon at the approximate latitude where the Blanco Fracture zone meets the northern
spreading ridge of the Gorda plate, and where the Juan de Fuca and Gorda plates join and
subduct under the North American Plate.

The Cascade Magmatic Arc
In a comprehensive synthesis of literature encompassing 30-plus years of geologic
mapping and geochemical analyses, Hildreth (2007) estimates the total volume of
3

Quaternary volcanism in the Cascade arc at ~ 6,400 km , which makes it the most
productive volcanic arc in the Quaternary compared to the Alaska Peninsula and the
3

Andean southern volcanic zone with total estimated volumes of 2,550 km and 5,300
6

7

Figure 1. Combined digital elevation model and satellite image of the Pacific Northwest.
Modified from image created by Tanya Haddad, Oregon Coastal Management Program.
A subset of Cascade arc volcanoes (red triangles) is shown for reference. From north to
south (abbreviations after Hildreth, 2007): G, Garibaldi; R, Rainier; A, Adams; H, Hood;
Crater Lake (Mount Mazama) is location of this study; S, Shasta; LVC, Lassen Volcanic
complex. Dashed black line shows approximate limit of the Basin and Range (B&R)
province. General locations of the Walker Lane Fault zone (WLFZ) is white dotted line,
and a series of W-NW trending fault zones shown by black dotted lines (after Lawrence,
1976): Vale Fault zone (VFZ), the Brothers Fault zone (BFZ), the Eugene-Denio Fault
zone (E-D FZ), and McLoughlin fault (MFZ).
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km , respectively. In the Cascade arc proper (not including off-set volcanic fields of
Simcoe, Newberry, Medicine Lake), magma reached the surface through 2,339 volcanic
vents; of these, only ~30 have the high elevation and morphology of the classic Cascade
volcanic peak (Hildreth, 2007). Mount Mazama, formerly one of the classic Cascade
peaks, stood at ~ 3700 m before its climactic eruption ~7,700 years ago (Williams, 1942;
Bacon & Lanphere, 2006) making it the fourth tallest Cascade volcano, behind Mount
Rainier (4,392 m), Mount Shasta (4,317 m) and Mount Adams (3,742 m). The Mount
3

Mazama pre-caldera collapse edifice had an estimated volume of 120 km making it the
3

3

fourth most voluminous behind Shasta (450 km ), Adams (210 km ), and Rainier (130
3

km ). Of these four major Cascade arc volcanoes, the only edifice built of some portion
of rhyodacite is Mount Mazama; the others are composed of andesite and dacite
(Hildreth, 2007).
Extensional Influence
Added to the complexity of the subduction zone setting are the clockwise rotation
of Oregon and Washington and the extensional influence of the Basin and Range (B & R)
province (Bacon et al., 1999). Mount Mazama is located on the axis of the modern
Cascade arc and the northwest boundary of the B & R (Figure 1) where extension and
rotation thin the crust, which decrease pressure overlying the plumbing system and
weaken the crust, allowing magma easier access to the surface (Bacon & Lanphere,
2006).
B & R extension and rotation are expressed in south-central Oregon as four major
relatively parallel zones of west-northwest trending, right-lateral strike-slip faults, which
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are characterized by strain rates that progressively increase from northeast to southwest
(Figure 1). Mount Mazama is located at the north end of the Klamath graben, a major N–
NW trending structure of the western margin of the B & R that intersects the N–S
trending High Cascade volcanic arc (Bacon et al., 1999); the graben extends 80 km north
from Klamath Lake to Mount Mazama (Prucha et al., 1987). Active B & R normal faults
trend N–S to NW–SE, and numerous faults are present on both sides of the Klamath
graben: to the west, Annie Spring and Red Cone Spring faults (Figure 2) continue north
through Mount Mazama and come within 1 km of the western rim of Crater Lake caldera
(Bacon et al., 1999). South of Annie Springs Fault, the Sky Lakes fault zone apparently
passes through the western Crater Lake region and re-emerges to the north (not shown).
Bacon and Nathenson (1996) attribute the sustained focus and long history of volcanism
of Mount Mazama to this very complex and active local regional tectonic setting.

Geologic History of Mount Mazama
Overview
Mount Mazama and Crater Lake have been extensively studied since the late 19th
century. The following provides historical highlights of mainly geological research.
In 1886, the U.S.G.S. made depth soundings of Crater Lake from a row-boat
using piano wire; they measured the maximum lake depth to within just tens of meters of
depth determined by high resolution echo beam sounding in 2000 (Bacon et al., 2002).

Figure 2. Geologic map of Crater Lake caldera and immediate vicinity. Map adapted from Bacon and Lanphere,
2006 and omits dacite through basalt in south and west for clarity; map legend is on the following page.
10
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Figure 2 (continued). Legend for map (modified from Bacon and Lanphere, 2006). Pre-Mazama rhyodacite located south
and east of caldera. Pre-climactic rhyodacite located in north and north east; climactic rhyodacite is dispersed throughout the
map area; the postcaldera rhyodacite dome is located in the caldera. For more detail and identification of all map units, see
Bacon and Lanphere, 2006 and geologic map (Bacon, 2008).

12
Diller and Patton (1902) were the first to record geologic and petrologic descriptions,
offer a hypothesis regarding the formation of Crater Lake Caldera, and identify three
volcanic landforms within the caldera. In 1942, Howell Williams concluded from the
lack of volcanic debris around Crater Lake, an odd result for such a large volcanic
explosion, that Crater Lake occupied a collapsed caldera that resulted from the downward
and inward subsidence of its volcanic summit (Williams, 1942). In 1983, Charles Bacon
published an ambitious eruptive history of Mount Mazama and Crater Lake (Bacon,
1983) and began a vigorous program of field mapping, augmented by chemical analysis
of a comprehensive suite of Mount Mazama’s eruptive products, in order to enhance
understanding of the volcanic processes of the edifice. More specifically, the goal of
their research was, “To identify and document the volumetric, spatial and geochemical
evolution of Mount Mazama coupled with age determinations in order to identify factors
that led to the development of a shallow magma chamber containing a large volume of
silicic magma capable of such a catastrophic explosive eruption.” (Bacon & Lanphere,
2006, p. 1331).
Whole rock chemical compositions of most of Mount Mazama’s eruptive units
were determined by X-ray fluorescence at the U.S.G.S. laboratories (Bacon, 1990; Bacon
et al., 1997); dating of early Mazama units was accomplished with K–Ar and

40

39

Ar/ Ar

analyses by M.A. Lanphere (Bacon & Lanphere, 2006), and the ages of some later
14

pyroclastic deposits were determined by paleomagnetic pole determinations and C
dating by D.E. Champion (Bacon, 1983), Sr, Nd, Pb and O isotope ratios were
determined (Bacon et al., 1989, 1994), as well as in situ single crystal data from select
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Mazama volcanic products (Druitt & Bacon, 1989; Nakada et al., 1994). From these
data, much has been learned about the geology and volcanic processes of Mount Mazama
(e.g., Bacon et al., 2002; Bacon & Lanphere, 2006) and a new geologic map of Mount
Mazama was published in 2008 (Bacon, 2008). The following is a summary of the
geologic history that built Mount Mazama and of the cataclysmic eruption that destroyed
the upper third of its edifice.
Below Mount Mazama
Directly below Mount Mazama at ~ 5 km depth is a granodiorite composite
pluton, pieces of which were expelled during the climactic eruption (Bacon et al., 1989,
2000; Bacon, 1992; Bacon & Lowenstern, 2005). Two geothermal exploration wells
located ~ 7 km southeast of Crater Lake reveal andesite, dacite, and mafic lava underlain
by silicic tuffs up to 1423 m deep; wells located ~12 km south of the caldera drilled to
867 m deep include basalt and basaltic andesite (Bacon & Nathenson, 1996; Bacon et al.,
2002, Bacon, 2008). Nakada et al. (1994) identified extensive dacite and rhyodacite
under Mazama’s south and east flanks (Figure 2). What lies deeper below Mount
Mazama may be inferred based on isotope data of volcanic samples from around Mount
Mazama as pre-Cenozoic Klamath basement rocks; however, the isotope data could also
reflect the signature of late Cenozoic mafic rocks (Bacon et al., 1994). The thickness of
the crust below Mount Mazama is not known; crustal thickness determined by seismic
investigation of the Oregon Cascades (Leaver et al., 1984) is 44 km thick just 30 km west
of Crater Lake.
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Edifice of Mount Mazama
Extensive field mapping and chemical analysis of the 111 mapped eruptive units
of Mount Mazama erupted before the climactic eruption yields the following distribution:
the majority is andesite (46), followed by basaltic andesite (32), dacite (19), rhyodacite
(9), and basalt (5) (Bacon, 2008; Bacon & Lanphere, 2006). The Mount Mazama edifice
proper comprises numerous overlapping basaltic andesite, andesite and dacite shields,
stratovolcanoes, and lava flows constructed between 420–35 ka (Bacon & Lanphere,
2006). Rhyodacite began erupting from the developing climactic magma chamber at ~
3

27 ka, culminating in the expulsion of ~ 50 km of homogenous rhyodacite magma in the
climactic eruption at ~7.7 ka (Bacon & Lanphere, 2006 and references therein).
Silicic Volcanism
Three unique features of the Mazama edifice are that it contains silicic magma
whereas other major Cascade arc volcanoes, Adams, Rainier, and Shasta, do not
(Hildreth, 2007); the large volume of silicic magma erupted during its cataclysmic
eruption at ~7.7 ka; and the resulting caldera, which confirms the recent existence of a
large shallow magma body (Bacon, 1983). The considerable history of silicic volcanism
is divided into four stages: pre-Mazama rhyodacite, pre-climactic rhyodacite, climactic
rhyodacite, and postcaldera rhyodacite (Table 1 and Figure 2). The oldest known
Mazama rhyodacite is found ~ 5 km southeast of the caldera west of Cavern Creek. It

TABLE 1. RHYODACITE ERUPTIONS OF MOUNT MAZAMA
Name
Pre-Mazama
Rhyodacite

Preclimactic
Rhyodacite
(*Early
evolved
rhyodacite)

Climactic
Rhyodacite

Post-caldera
Rhyodacite

Volume
3
(km )
6.2

SiO2
(wt %)
68–71.5

Crater Peak

1.4

71–72

Pothole
Butte
*Grouse
Hill
*Redcloud
Cliff
*Steel Bay
Sharp Peak

5.6

71.5–73

~27 ka

≥ 0.5

70–72

lava

~27 ka

≥ 0.2

70–72

~27 ka
18
±4 ka

< 0.1
0.05

70–72
70.5

pumice &
lava
dome
12 domes

Llao Rock

78007900 cal
yr B.P.

2–10

70.5-72

pumice &
lava

Cleetwood

< 100 yr
prior
climactic
eruption
7700 cal
yr B.P.

≥ 0.6

70.5

pumice &
lava

~ 50

70.5

ash &
pumice
HSr scoria
LSr scoria
mafic scoria
dome & ash
bed

Scott Creek

SingleVent phase
Ring-Vent
Phase
rhyodacite
dome

Age
(ka)
460–410
ka

70.5
4800 cal
yr B.P.

0.07

48-63
71.5

Products
lava flows &
domes

Inclusions
(mafic enclaves)
andesite enclaves
(500-2100 ppm Sr)
andesite enclave
common
andesite enclave
(761–1040 ppm Sr)
LSr andesite enclave
common
andesitic enclave

Plagioclase

Comment

900-2600 ppm Sr
(HSr and LSr plag)

inclusions with such
varying trace elements
indicate varying parental
magma

LSr plag

xtals similar to andesitic
scoria and crystal mush
most evolved of Preclimatic rhyodacite

LSr plag

rare LSr andesite
andesitic HSr
enclaves (based on
plagioclase Sr)
HSr andesitic
enclaves

LSr plag
LSr & HSr plag

rare HSr andesitic
enclaves (different
composition than in
Llao)
rare HSr scoria in
pumice

LSr & HSr plag

LSr plag

LSr & HSr plag
Zoned to LSr rims
LSr & HSr plag in
scoria

identical to climactic
rhyodacite composition
preceded climactic
eruption ~ 100-200
years. Plag with LSr core
and HSr rims
identical to climactic
rhyodacite chemically
resembles Sharp Peak
~90% as rhyodacite
pumice
10 % Crystal rich
andesite scoria and mafic
crystal mush

LSr plag (data from
this study)
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has a K–Ar age of 724 (± 11) ka and is compositionally distinct from the pre-Mazama
rhyodacite and is not categorized with the pre-Mazama rhyodacite (Nakada et al., 1994)
but is mentioned here to illustrate Mount Mazama’s the long history of silicic volcanism.
Pre-Mazama Rhyodacite
Rhyodacites that underlie the intermediate volcanic products of Mount Mazama
are termed pre-Mazama rhyodacite and are located ~ 5-15 miles south and south east of
the Crater Lake caldera (Figure 2). Pre-Mazama rhyodacite of Scott Creek, Crater Peak,
and Pothole Butte, (Table 1) erupted between ~460-410 ka, formed 40 lava domes and
flows, are located in an 16 km x 24 km area, and have a estimated minimum volume of
3

3

~13.2 km up to ~20 km when accounting for unexposed deposits and erosion (Nakada
et al., 1994, Bacon, 1990).
A detailed study of the mineralogy and chemistry of these units by Nakada et al.
(1994) reveals decreasing phenocryst content (from 32 to 8 vol %,) with increasing SiO2
content (from 68 to 73 wt %) in order of eruption according to stratigraphic relations.
The authors assert that a single large magma reservoir was the source of all pre-Mazama
rhyodacite because: (1) chemical and mineralogical continuity of the pre-Mazama
rhyodacite, (2) units were erupted within a geologically short period of time, and (3)
decreasing crystal content with increasing SiO2 and age. The work of Nakada et al.
(1994) established that pre-Mazama rhyodacite originated from a single magma chamber
and that the Mazama volcanic system has been a focus of silicic volcanism for at least
several hundred thousand years. After the eruptions of pre-Mazama rhyodacite, a pause
in production of rhyodacite lasted for ~ 400 ka (Bacon, 2008).
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Pre-climactic Rhyodacite
Rhyodacite that erupted within the geologically short period of time preceding
Mount Mazama’s climactic eruption are termed pre-climactic rhyodacite (Table 1 and
Figure 2) to distinguish them from the earlier pre-Mazama rhyodacite (e.g., Bacon,
1983). The chemical progression of the shallow silicic magma chamber responsible for
the 7.7 ka climactic eruption is revealed in rhyodacite erupted between ~ 27 ka and the
climactic eruption (Bacon & Druitt, 1988, Bacon & Lanphere, 2006). The pre-climactic
rhyodacites are divided into three groups by Bacon and Druitt (1988) and are listed in
chronological order (Table 1):
(1) Early evolved pre-climactic rhyodacites (70–72 wt % SiO2) erupted ~ 27 ka
and include Grouse Hill, Redcloud Cliff, and Steel Bay (Bacon & Druitt, 1988; Bacon &
Lanphere, 2006).
(2) During the late Pleistocene, the rhyodacite of Sharp Peak (70.5 wt % SiO2),
located 4–7 km north east of Crater Lake, formed a series of 12 aligned domes with vents
trending N35°E (Bacon & Lanphere, 2006). Sharp Peak rhyodacite is similar to that of
the climactic eruption.
(3) In the Holocene, Llao Rock rhyodacite erupted as pyroclasts and lavas dated
14

from underlying charcoal by C method at 7015 ± 45 (or 7800–7900 cal yr B. P.), which
predates Mount Mazama’s climactic eruption by 100-200 years. The last pre-climactic
rhyodacite, Cleetwood pumice and lava flow, erupted < 100 years before the climactic
eruption. It is chemically identical to the climactic rhyodacite (70.5 wt % SiO2) and was
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still hot at the time of the climactic eruption as seen by the backflow of Cleetwood lava
into Mazama’s caldera (Bacon, 1983; Bacon & Lanphere, 2006).
All of the pre-climactic rhyodacite is considered to be “leaks” from the climactic
magma chamber because of their spatial and temporal proximity (Bacon, 1985; Bacon &
Druitt, 1988; Druitt & Bacon, 1989).
Climactic Rhyodacite
About 7,700 years ago, Mount Mazama cataclysmically erupted ~50 km3 (dense
rock equivalent) of predominantly homogeneous rhyodacite magma (70.5 % SiO2) and a
minor amount of andesite and mafic scoria (Bacon, 1983). The rhyodacite is termed
climactic rhyodacite to distinguish it from the pre-Mazama and pre-climactic rhyodacite.
The climactic eruption of Mount Mazama occurred in two phases over the course of a
matter of days (Bacon, 1983; Druitt & Bacon, 1986).
(1) Single-vent phase—issued from a vent northeast of the summit and produced a
Plinian column ~50 km in altitude (Young, 1990) and resulted in an ash-fall deposit that
blanketed the Pacific Northwest (Bacon, 1983, Suzuki-Kamata et al., 1993); fine ash
particles are found as far away as Greenland (Zdanowicz, 1999). The collapse of the
Plinian column due to gravitational effects and vent enlargement resulted in a pyroclastic
flow that produced the Wineglass Welded Tuff (Williams, 1942, Bacon, 1983).
(2) Ring-vent phase—began with the downward ascent of the summit of Mount
Mazama subsequent to the evacuation of approximately half the magma originally in the
shallow magma chamber (Bacon, 1983, Druitt & Bacon, 1986; Nelson et al., 1994). The
sinking summit forcibly expelled magma in the climactic magma chamber, which
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produced ignimbrites that issued from multiple vents (Bacon, 1983; Suzuki-Kamata et
al., 1993). A ring fracture zone along which the upper third of Mount Mazama subsided
is suggested by the arrangement of geothermal features on the lake floor (e.g.,
hydrothermal vents and areas of high heat-flow). The arrangement of postcaldera
volcanic cones on the floor of the caldera, and the morphology of apparent phreatic
explosion craters suggest that the collapse of the summit began as subsidence of a
coherent central block that slid down along the ring-fracture zone (Nelson et al., 1994).
The diameter of the subsiding block of Mount Mazama is estimated to be ~ 5 km x 6 km
(Bacon, 1983). Crater Lake now occupies the closed 8 x 10 km caldera (enlarged due to
erosion and slumping of caldera walls) whose walls steeply rise 150–600 m above the
lake’s surface with a general slope of 45° (Nelson, 1967; Nelson et al., 1994).
Deposits of the Climactic Eruption
3

Of the 50 km magma evacuated during the climactic eruption, about 90% was
remarkably homogeneous rhyodacite magma with a minor amount of andesite and mafic
scoria (Bacon, 1983). The deposits of the single-vent phase of the climactic eruption
consist of homogeneous rhyodacite ash, pumice fall, and the Wineglass Welded Tuff.
During the ring-vent phase, a classically zoned ignimbrite was produced by the eruption
of mostly rhyodacite pumice and scoria, followed by crystal-rich andesite scoria near the
end of the eruption, and lastly by crystal-rich olivine/pyroxene mafic scoria (Bacon,
1983; Suzuki-Kamata et al., 1993). The zoned ignimbrite deposit of the ring-vent phase
reflects the zoned nature of the climactic magma chamber and presents an unprecedented
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glimpse into a large silicic magma chamber (e.g., Bacon, 1983; Bacon & Druitt, 1988;
Druitt & Bacon, 1988).
3

Bacon (1983) asserts that the evacuation of 50 km of magma most likely
depleted the upper silicic portion of the climactic chamber but probably did not
completely evacuate the more mafic lower portion. He asserts that the crystal rich
andesite scoria and mafic cumulates ejected at the end of the eruption do not necessarily
represent the bottom of the chamber, only a critical change in viscosity due to crystal
content in which magma is not longer able to erupt.
Source of Climactic Magma
Comprehensive chemical analyses of whole rock and glass samples, and some in
situ plagioclase analyses of the climactic deposit, along with chemical data collected
from magmatic inclusions from the pre-climactic rhyodacite, and data from monogenetic
volcanoes of the Mazama system, provide evidence for a zoned climactic magma
chamber (Bacon & Druitt, 1988). These data and interpretations are reported in Bacon &
Druitt, 1988; Druitt & Bacon, 1988, and 1989; the following is summarized from their
work.
Whole rock chemical analyses, mineralogy, and modal abundance of the climactic
deposits identify three types of scoria. In order of their expulsion from the climactic
magma chamber, the three types of crystal rich scoria are:
(1) High strontium (HSr) scoria (~ 900–1800 ppm Sr) (53–61 wt.% SiO2) contain
28–51 vol% plag + hb ± opx ±aug + mt + ilm in vesicular andesitic to rhyodacitic glass.
The majority of scoria erupted in the climactic eruption is HSr scoria (Figure 3); it is rare
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Figure 3. Whole rock Sr vs. SiO2 for postcaldera and climactic eruptions and the
pre-climactic rhyodacite. Whole rock data provided by Charles Bacon. Samples are
listed from youngest to oldest. The samples used in this study (filled symbols) are
identified on the graph. Abbreviations for postcaldera samples: RD, rhyodacite
dome; MC, Merriam Cone; WI-1, subaqueous Wizard Island; CP, the central
platform; WI-2, subaerial Wizard Island Symbol size varies for clarity. Dashed red
line (~900 ppm Sr) is approximate boundary between HSr from LSr whole rock Sr
values (after Druitt & Bacon, 1988).
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in the climactic pumice fall, absent in Wineglass Welded Tuff, but abundant in the ring87

86

vent deposit from the bottom to almost the top (Bacon, 1983). The average Sr/ Sr
signature of LSr scoria is 0.70342 ± 1 (Bacon et al., 1989)
(2) Low strontium (LSr) scoria (~300–900 ppm Sr) (51–60 wt.% SiO2) erupted
near the end of the ring-vent phase and is therefore abundant in the upper portion of the
ring-vent deposit. Its mineralogy is 50–60 vol% plag + opx + aug ± hb ±ol + mt + ilm.
3

3

LSr scoria accounts for ≤ 1 km out of the 50 km of magma erupted (Druitt & Bacon
1988). The average

87

86

Sr/ Sr signature of LSr scoria is 0.70363 ± 1.

(3) Crystal rich olivine and pyroxene bearing scoria (referred to as mafic scoria)
are found only at the very top of the ring-vent ignimbrite (Druitt & Bacon, 1988). They
are relatively rich in MgO (up to 18 wt %) with glass compositions like those of either
HSr or LSr scoria.
87

86

Sr/ Sr data for whole rock and glass pairs from HSr, LSr, and mafic scoria

agree within analytical precision for a given sample (Bacon et al., 1989, 1994). All
scoria erupted during the ring-vent phase are interpreted by Bacon and Druitt (1988) as
densely packed crystal mushes + liquid before vesiculation and eruption. Both HSr and
LSr crystal mushes have andesitic origins.
In situ chemical analyses of plagioclase in the climactic scoria (Table 2) provide
evidence for two distinct crystal mushes at the bottom of the climactic magma chamber
indicative of two distinct parental magmas feeding the associated magma chamber (Druitt
& Bacon, 1988, 1989). HSr plagioclase is enriched in Sr (~2000-4000 ppm) relative to
LSr plagioclase (~900-1700 ppm). Plagioclase in LSr scoria has

Climactic Eruption
Products
Climactic
Rhyodacite

Plagioclase
An (mol %)
and Zoning
An 32-64

HSr
Scoria
(53-61 wt % SiO2)
(dominant volume
of scoria)

An 36-85
normally
zoned;
reverse zoning
less common
rims zoned to
An 49-60

LSr Scoria
(51-60 wt % SiO2)
3
< 1km magma

An 47-82
unzoned or
normally zoned

Ol+pyx scoria
Located at very top
of ignimbrite
(minor amount)

An 50-86;
normally zoned
to rims of
An 49-61

TABLE 2. PLAGIOCLASE CHARACTERISTICS IN
CLIMACTIC RHYODACITE AND SCORIA
Plagioclase
Plagioclase
Bytownite
Sr Content and Comments
An (mol %) and
Zoning
Zoning
LSr ~ 75%
LSr cores zoned to
none reported
HSr ~ 25 %
slightly richer Sr rims
HSr cores zoned to LSr
rims
HSr and LSr
plag (and Bytownite
HSr (with < 57%
cores with
xenocrysts) are either
SiO2) contain
clear, euhedral or
unzoned or weakly
spongy corroded xtals
normally zoned
bytownite
xenocryst that “are
too calcic to have
grown in andesite”
Sr poor
deeply embayed
None reported
(no evidence
“Presence of well
(authors put
of HSr mix)
developed corrosion
“± (?) LSr
texture characteristic of bytownite” in their
all xtals in LSr scoria”
description)
plag in HSr
Bytownite have
glass have HSr
core An 76-86 with
rims; plag in
thin euhedral
LSr glass have
overgrowth rims of
LSr rim
An 58-62

Bytownite
Sr Content and
Zoning
none reported

General Comments

most Bytownite
xenocrysts are
HSr; some are
unzoned in An
and have LSr
cores with HSr
rims; some have
An 85+ rims
none reported

“common An rims argue
against syn-eruptive
mixing”

HSr or LSr cores
with HSr rims

WRX has High MgO (up
to 18% wt %). Most mafic
and xtal rich of scoriae.
Glass is andesitic to
basaltic and have either
LSr or HSr compositions

mixing of LSr rhyd with
lesser amount of more
mafic HSr magma

“LSr plag in HSr scoria
provide evidence for
contamination of HSr
magma by LSr plag”

Compiled from Druitt and Bacon, 1989. An content reported in mol %. Xenocryst is a term used by Druitt and Bacon (1989) for
antecryst; it is retained in this table compiled from their work for consistency. Abbreviations: HSr = high Sr; LSr = low Sr;
rhyd = rhyodacite; xtals = crystals; WRX = whole rock.
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LSr cores and LSr rims; plagioclase in the HSr scoria has both HSr and LSr cores with
HSr rims, indicating mixing of LSr and HSr magma. The majority (75%) of plagioclase
in the climactic rhyodacite pumice has LSr cores with slightly higher Sr rims; the rest
have HSr cores with LSr rims, indicating mixing of LSr rhyodacite with a lesser amount
of HSr melt to produce reverse Sr zoning in plagioclase. Following the classification of
plagioclase based on Sr content (Bacon & Druitt, 1988; Druitt & Bacon, 1988,1989), I
have adopted HSr and LSr plagioclase as criteria for identifying distinct crystal
populations.
Another distinct classification of plagioclase in the climactic scoria is defined by
the An content. Bytownitic plagioclase is a calcium rich plagioclase and is defined by the
percent of calcium it contains. Anorthite content (An) is a measure of Ca relative to Na
and K in plagioclase. Bytownite is defined as plagioclase having An70-90. The mafic
scoria of the ring-vent phase contains some Bytownite plagioclase, HSr plagioclase and
LSr plagioclase. Druitt and Bacon (1989) interpret mafic scoria as HSr and LSr crystal
mushes contaminated by admixed crystals and fragments of gabbro. The significance of
Bytownitic plagioclase in the mafic (and in the HSr) scoria is that it indicates that, at
some point, mafic magma entered the lower part of the climactic chamber (Druitt &
Bacon, 1989).
Bytownitic plagioclase crystals are interpreted by Druitt and Bacon (1989) to be
antecrysts that were mixed in before or during the climactic eruption. Antecrysts are
defined as crystals that are from the same magmatic system, but originate in a previous
magmatic environment other than in the melt in which they were erupted. This contrasts
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with phenocrysts, which are defined as crystals that nucleate and grow in the magma in
which it erupts (Charlier et al., 2004; Bacon & Lowenstern, 2005; Davidson et al., 2007).
History of Two Parental Magmas of the Climactic Magma Chamber
Chemical analyses of mafic inclusions (often called magmatic enclaves) in the
pre-climactic rhyodacite also reveal the presence two distinct parental magmas feeding
the climactic magma chamber. A magmatic inclusion is the manifestation of a
compositionally distinct magma (usually more mafic) that enters a more silicic host
magma, rapidly chills, and thus likely retains the original chemical signature of the
intruding magma (e.g., Bacon, 1986 and references therein).
The evolution of the climactic magma chamber is documented and elegantly
modeled by Bacon and Druitt, 1988; Druitt and Bacon, 1988, and 1989. The following is
a synopsis of their model. The details are presented in Table 1.
During the Pleistocene, the growing Mazama magma chamber was fed by
injections of LSr andesite; evidence includes LSr andesite inclusions in the rhyodacite of
Grouse Hill and Steel Bay. As time progressed, HSr andesite was injected into the
magma chamber as suggested by the presence of HSr andesite inclusions in rhyodacite of
Sharp Peak, Llao Rock and Cleetwood. The change from LSr to HSr andesite inclusions
in pre-climactic rhyodacite provides approximate timing of magma recharge; the
presence of LSr and HSr andesite is evidence of two distinct parental andesites to the
growing body of rhyodacite.
Plagioclase crystals in HSr and LSr andesite inclusions of the pre-climactic
rhyodacite provide further evidence for two distinct magmas. The early evolved
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Pleistocene rhyodacites have LSr inclusions containing only LSr plagioclase until ~ 18 ka
when Sharp Peak erupts rhyodacite with HSr andesite inclusions that contain both LSr
and HSr plagioclase (Druitt & Bacon, 1989). Holocene Llao Rock rhyodacite contains
HSr andesite inclusions (Bacon & Druitt, 1988) that contain only LSr plagioclase (Druitt
& Bacon, 1989). Andesitic inclusions in Cleetwood and in climactic rhyodacite (rare)
contain both LSr and HSr plagioclase, indicating mixing of LSr rhyodacite with a more
mafic HSr magma. The presence of andesitic enclaves in Mazama rhyodacite is noted as
early as the pre-Mazama rhyodacite (Nakada et al., 1994). The whole rock Sr range in
the andesite inclusions is 512–2050 ppm Sr, whereas plagioclase crystals in the
inclusions have a Sr range of ~ 900-2600 ppm Sr. Nakada et al. (1994) attribute the wide
range of trace element concentrations to distinct parental magmas of the pre-Mazama
rhyodacite.
A Model for Climactic Magma Chamber
Druitt and Bacon (1988) propose a model for the evolution of the zoned climactic
magma chamber beginning with the eruption of pre-climactic rhyodacite, which is
considered the early phase of the climactic magma chamber. The mechanics of this
model are dictated by density differences between overlying rhyodacite magma,
cumulates on the floor of the magma chamber, and the density of the recharge magma,
which is more dense than the rhyodacite and less dense than the cumulate layer.
In the early Pleistocene (~27 ka), during the early growth of the climactic magma
chamber, fractional crystallization of LSr andesite with partial assimilation of granitoid
glass from the wall rock produced early pre-climactic rhyodacite (Figure 4a). LSr
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Figure 4. Model for the evolution of the climactic magma chamber of Mount
Mazama. Simplified version of the model proposed by Bacon and Druitt
(1988).

28
andesite magma intruded and ponded between the growing body of overlying rhyodacite
and the underlying LSr cumulates. Cooling and crystallization of andesite produced
more LSr crystals, which plated onto the floor of the magma chamber. Residual, less
dense liquid rose and mixed with convecting rhyodacite to produce LSr rhyodacite.
Some LSr andesite magma partially mixed into the relatively cool LSr rhyodacite and
erupted in the early Pleistocene. Evidence for this is the LSr andesite inclusions found in
Grouse Hill, Redcloud Cliff and Steel Bay pre-climactic rhyodacite (Table 1 and Figure
2).
During the mid- to late Pleistocene and early Holocene (~18-7 ka) injections of
HSr andesite into the growing climactic chamber ponded between the overlying
rhyodacite and underlying LSr cumulates (Figure 4b); cooling of HSr andesite produced
HSr cumulates that settled to the chamber floor on top of the LSr cumulates. Less dense
HSr liquid rose and mixed with the rhyodacite and produced HSr rhyodacite. Some HSr
andesite was partially incorporated into the convecting chamber and was erupted as HSr
mafic inclusions in Sharp Peak, Llao Rock, Cleetwood, and rarely in the climactic
rhyodacite (Table 1 and Figure 2). Some plagioclase in the rhyodacite erupted during
stage this may have both LSr and HSr components because an initial LSr rhyodacite was
injected with HSr andesite, resulting in a hybrid rhyodacite. Evidence for mixing with
HSr magma is the presence of HSr andesite inclusions, the occurrence of both HSr and
LSr plagioclase, and plagioclase with LSr cores and HSr rims.
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The climactic eruption at 7.7 ka was the culmination of at least ~ 27 ka of
magmatic differentiation of two sources of andesite and assimilation of granitoid wall
rock (e.g., Druitt & Bacon 1989). The climactic eruption was preceded by Llao Rock
eruption by a couple hundred years, and by the Cleetwood eruption less than 100 years
prior; the Cleetwood rhyodacite was still warm when the climactic eruption occurred as
discerned by the resulting morphology of Cleetwood flows as they oozed down the
caldera wall (Bacon & Druitt, 1988). Evidence in the climactic rhyodacite for recharge
with HSr magma is the voluminous amount of HSr scoria erupted during the ring-vent
phase, reversely zoned phenocrysts, and plagioclase with LSr cores zoned to HSr rims.
Thus, the hypothesis is that HSr andesite of the same composition as HSr glass in the HSr
scoria was injected into the rhyodacite to form the climactic rhyodacite (Druitt & Bacon,
1988).
When comparing the composition of the two parental magmas that fed the
climactic magma chamber beginning with the andesitic inclusions in the pre-climactic
rhyodacite and the scoria of the climactic eruption, Druitt and Bacon’s (1988) mixing
calculations show that the parents of the LSr and HSr scoria are andesitic with ~60%
SiO2 and infer that the pre-climactic inclusions had parents of similar composition to the
those of the climactic scoria. They also note that the compositions of phenocryst poor
basalt and andesite magmas from nearby monogenetic cones encompass the range of
composition of mafic scoria erupted near the end of climactic eruption and may represent
the parental magma composition.
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Postcaldera Volcanism and Edifices
Overview
Within a few hundred years after the climactic eruption, volcanism occurred on
the caldera floor. Detailed images of the postcaldera edifices (Figure 5) were produced in
2000 by multibeam echo sounding bathymetric survey (Gardner et al., 2000, 2001;
Gardner & Dartnell, 2001). The postcaldera edifices comprise andesitic Wizard Island,
the central platform (Bacon & Druitt, 1988), and Merriam Cone, and an unsampled
andesite lava flow in the east basin suggested in the bathymetric images (Bacon et al.,
2002). The youngest edifice is the rhyodacite dome. The total volume of postcaldera
volcanism is 4.1 km3. All of the postcaldera andesite was emplaced in ~ 500 years or by
7200 cal. yr B.P., at which time more than 500 m depth of water had collected in the
caldera; the pressure increase from adding 500 m of water above the postcaldera magma
reservoir added ≥5 MPa confining pressure; the additional pressure may have contributed
to the cessation of andesitic volcanism (Bacon et al., 2002). Almost 2,400 years after the
eruptions of postcaldera andesite, a rhyodacite dome formed between Wizard Island and
the central platform, marking the return of rhyodacite eruptions to Mount Mazama (Table
1, and Figure and 5).
From the detailed bathymetric survey, much has been learned about the
morphology and timing of the postcaldera eruptions. The following is taken from Nelson
et al., 1994; Gardner et al., 2000, 2001; Bacon et al., 2002; Bacon & Lanphere, 2006; and
Nathenson et al. 2007. In general relative chronological order, the timing and
morphology of the postcaldera edifices are described below. Several andesitic edifices
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Figure 5. Bathymetric map of Crater Lake, Oregon, caldera of Mount Mazama. Modified
from Gardner and Dartnell, 2001. Red dots identify locations for samples used in this
study. Abbreviations: Wizard Island (WI), the central platform (CP), Merriam Cone
(MC), and the rhyodacite dome (RD). Deepest part of lake at 594 m is blue; the
shallowest (< 50 m) is orange. Subaerial landforms are shown in grayscale. Probable
andesite lava flow (unsampled) encircled with dotted line (Bacon & Lanphere, 2006).
(e.g., the central platform and early subaequeous Wizard Island; subaerial Wizard Island
and Merriam Cone) were erupting at or nearly at the same time; I report the central
platform first because it is the most mafic of my samples.
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The Central Platform
The central platform, informally named by Bacon and Druitt (1988), erupted less
than 150 years after the climactic eruption. It is located in the approximate center of the
caldera; its generally flat surface reaches 260 m up from the present lake floor (Figure 2
and Figure 5). The flanks of the central platform slope between 30° and 37°, with a
gentler slope on its north and east sides; the edifice appears to be composed of breccia or
pillow fragments with lava capping its upper reaches. On the surface of the central
platform and descending down its slopes, channels apparently fed extensive lava flows
that extend up to 2 km to the north and 4 km to the east. Total volume of the central
platform edifice and flow fields is 1.06 km3. Samples collected by dredging and by
manned submersible suggest three separate vents for the north, east and south lobes of the
platform. The central platform erupted before the lake filled to ~130 m relative to the
present lake floor. The lack of a cinder cone on the central platform suggests the
possibility that the central platform may have been supplied with magma from Wizard
Island via dike transport or overflow of magma (Bacon et al., 2002; Nathenson et al.,
2007).
Wizard Island
Wizard Island, the icon of Crater Lake, is the only visible portion of the
postcaldera eruptions. It is a classic cinder cone rising 200 m above the lake surface and
750 m above the lake floor (Figure 2 and Figure 5). The visible part of Wizard Island
represents only 2.4% of the total volume of the edifice (Bacon et al., 2002; Bacon &
Lanphere, 2006; Nathenson et al., 2007). Its crater summit is ~ 125 m diameter and ~ 30
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m deep; the flanks of Wizard Island slope 34°–36°. The entire Wizard Island edifice
comprises the visible cinder cone and a subaerial lava field on the western side of the
cinder cone that sits upon a large platform of subaerially erupted blocky lava flows that
has since been submerged by rising lake level (Nelson et al., 1994; Bacon et al., 2002).
Total volume of magma of the Wizard Island edifice is 2.6 km3 (Bacon et al., 2002,
Nathenson et al., 2007).
The bathymetric survey conducted in 2000 (Gardner & Dartnell, 2001; Gardner et
al., 2001) revealed detailed morphological features (Figure 5) such as the presence of
subaqueous passage zones and lava deltas present at similar elevations on both Wizard
Island and the central platform. A passage zone is defined as the transition from coherent
subaerially erupted lava to subaqueously erupted breccia; a lava delta is a gently sloping
lava field that overlies previously erupted subaqueous breccia (Nathenson et al., 2007).
Bacon et al. (2002) interpret the northernmost Wizard Island lava delta and the lava on
the northeast flank of the central platform, both at ~1550 m elevation, as the oldest
features that can be correlated with lake level and thus a specific time. These
morphological observations indicate that both of the vents on Wizard Island and the
central platform were active simultaneously when the lake level was ≤ 320 m. Continued
eruptions constructed the rest of the northern Wizard Island lava delta and the central
platform to an elevation of ~1600 m. Wizard Island continued to vent and formed a lava
delta on the southeast flank at ~ 1700 m elevation. The uppermost 75 m of the
submerged lava flows of Wizard Island formed subaerially, outpacing the rising lake
level and ceased erupting when Crater Lake was ~80 m shallower than today (Nelson et
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al., 1994). Meanwhile, eruptions from the central platform formed lava tubes that
allowed lava to flow into the lake without breaking up; lava flowed over earlier
brecciated lava into the east basin and formed a field of lava flows.
Merriam Cone
Merriam Cone is a craterless symmetrical cone 1.6 km in base diameter whose
summit reaches 430 m above the floor of the east basin (Figure 2 and Figure 5), which
corresponds to 151 m depth below present day lake level (Bacon et al., 2002). Its erupted
volume is 0.342 km3: the edifice is composed of breccia, and the upper portion of the
cone’s surface is irregular and suggests coherent lava (Bacon et al., 2002). The timing of
emplacement of Merriam Cone is hard to constrain because it appears to have been
entirely emplaced subaqueously. Evidence for this includes the unoxidized glassy nature
of two dredge samples and a surficial fracture pattern documented with video using a
remotely operated vehicle (Nathenson et al., 2007). Based on similar composition to
Wizard Island and its low whole-rock volatile content, effusion in shallow water when
lake level was >1720 m is suggested (Bacon et al., 2002).
Other Postcaldera Andesite
A fourth “probable” andesite lava field located in the south end of the east basin
was recently identified (Gardner et al., 2001; Bacon et al., 2002). The outline and slope
of the area suggest a lava flow that was later covered by debris-avalanche deposits
(Figure 5); the extent of this field is 0.87 km2 with a minimum volume estimated at 0.032
km3 (Bacon et al., 2002; Nathenson et al., 2007). To date, no samples from this area have
been collected.
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Rhyodacite Dome
The rhyodacite dome (71.5 wt % SiO2) formed ~3000 years after the climactic
eruption and is the most evolved magma (Figure 6) of the Mazama system (Bacon &
Lanphere, 2006). The rhyodacite dome (Figure 2 and Figure 5) is located 1.3 km east of
the Wizard Island crater, is sandwiched between the east flank of Wizard Island and the
west side of the central platform, and rises to within 29 m depth of the lake surface
(Bacon et al., 2002). The top of the dome is relatively smooth with sides of breccia
sloping at 32–34°. The postcaldera rhyodacite has an erupted volume of 0.074 km3 and
represents only 2% of the total postcaldera lava erupted (Bacon & Lanphere, 2006;
Nathenson et al., 2007). Nelson et al. (1994) obtained a 14C date from sediment directly
below an ash flow, located on the central platform, with a mineral composition identical
to that of the rhyodacite dome; the calendrical date of the rhyodacite eruption is 4830
+460/−410 yr B.P. (Bacon et al., 2002; Nathenson et al., 2007).
Postcaldera Magmatic System
The removal of the upper 1/3 of Mount Mazama by evacuation of 50 km3 of
magma and formation of the caldera equals a decrease in overlying pressure of the
magma reservoir of ~ 60 MPa; postcaldera volcanism reflects volcanic processes of the
long lived volcanic center of Mount Mazama as it adapts to new pressure conditions
(Bacon et al., 2002).
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Figure 6. Whole rock MgO vs. SiO2 of postcaldera and climactic eruptions. Data
provided by Charles Bacon, USGS. Postcaldera samples listed in order of increasing
SiO2. Filled symbols are the samples used in this study. The climactic eruption samples
are listed in stratigraphic order. Glass of sample RD plotted for reference; RD is the most
evolved product from the Mount Mazama system.
Whole rock chemistry of the postcaldera andesite and rhyodacite span the
chemical range of the climactic eruption (Figure 6). Data were provided by Dr. Charles
Bacon (Table 3). When whole rock Sr is plotted against SiO2 of the climactic eruption
(Figure 3), all of the postcaldera products plot with the LSr scoria (Bacon & Druitt,
1988).
From whole rock chemical data and mixing models, an origin for postcaldera
magmas emerges. The following is a synopsis of the explanations offered to date and
shows the dynamic nature of scientific hypotheses in light of new data.
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Sample
(wt %)
SiO2
Al2O3
Fe2O3
FeO
MgO
CaO
Na2O
K2O
TiO2
P2 O 5
MnO
Sum

TABLE 3. WHOLE ROCK MAJOR OXIDE
AND TRACE ELEMENT DATA FOR POSTCALDERA SAMPLES
WI-2
CP
WI-1
WI-2
MC
Inclusion
*Andesite
50.4
20.4
4.05
5.46
5.32
8.52
3.88
0.21
1.15
0.51
0.1
100

57.4
18
1.79
4.77
4.46
7.42
4.09
0.9
0.91
0.22
0.1
100.06

59.3
18
1.74
4.15
3.4
6.78
4.37
1.18
0.79
0.21
0.1
100.02

(ppm)
Co
28.3
25.5
18.9
Cr
69
72
34
Cs
0
0.6
1.3
Hf
3.7
2.46
2.71
Ta
0.57
0.28
0.28
Th
1.5
1.8
2.1
U
0.5
< 0.7
0.77
Zn
56
78
64.4
Sc
16.1
18
14.7
La
31
11.6
12.8
Ce
57
25.1
26.6
Nd
34
15
14
Sm
5.6
3.3
3.36
Eu
1.46
1.11
1.01
Tb
0.74
0.44
0.44
Yb
2.1
1.4
1.4
Lu
0.32
0.21
0.22
Rb
4
18
28
Sr
828
746
722
Y
22
22
25
Zr
172
115
131
Nb
9.5
4.1
4.5
Ba
239
314
448
Ni
59
58
38
Cu
65
28
39
Whole rock data provided by Charles Bacon, USGS.
*WI-2 andesite proxy data from USGS sample # 80C-515.

RD

60.2
18
1.91
3.77
3.16
6.21
4.47
1.22
0.73
0.21
0.09
99.97

60.2
17.7
1.97
3.84
3.17
6.14
4.57
1.28
0.76
0.22
0.1
99.95

71.7
14.7
1.08
1.38
0.83
2.27
4.29
3.24
0.38
0.09
0.04
100

17.9
36.5
1.3
3
0.27
2.1
0.8
66
13.6
13
26
16
2.7
0.98
0.43
1.5
0.22
23
678
20
141
4.8
434
36
49

18
34.7
1.5
3.1
0.31
2.4
0.89
67
14
14
28
17
3.7
1.1
0.5
1.7
0.25
27
675
18
142
3.3
462
-

4.4
5.8
4.7
5.3
0.66
8.74
3.3
42
5.2
23
43
21
4
0.76
0.55
1.9
0.29
82
297
21
205
7.2
879
8.53
15
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Proposed Origin of Postcaldera Andesite
Bacon and Druitt (1988) propose the postcaldera andesite is the product of mixing
between LSr cumulates (with or without melt) with residual climactic rhyodacite. They
enumerate observations as to why postcaldera andesite does not represent new magma:
(1) High crystal content of all samples, (2) Low alkali, TiO2, and P2O5 contents relative to
the LSr trend, (3) High compatible elements relative to LSr trend. They contend that if
the postcaldera andesite represented new magma, it is anomalously crystal rich, different
from climactic LSr or HSr parents, and compositionally uniform, yet it erupted from at
least 3 separate vents. Bacon and Druitt acknowledge that mixing of LSr cumulate mush
with new LSr mafic magma could explain the less differentiated Wizard Island subaerial
andesite.
Based on whole rock Sr isotope data, Bacon et al. (1994) revise the previous
suggestion of Bacon and Druitt (1988) that the postcaldera andesites are a mixture of
climactic rhyodacite and LSr mush because

87

86

Sr/ Sr ratios for the andesite of the central

platform are too low (0.70347) and lie on a mixing line between HSr magma and
climactic rhyodacite. Other postcaldera andesites have 87Sr/86Sr ratios that are too low
(0.70354-0.70370) to represent a mixture of climactic rhyodacite and LSr mush. Bacon
et al. (1994) propose that the postcaldera andesites are more likely a mixture of LSr and
HSr mush with climactic rhyodacite; alternatively, some postcaldera andesites may
represent “new” magma that is more similar to the LSr than the HSr.
Bacon and Lanphere (2006) assign the origin of postcaldera andesite as
representing “newly arrived magma.”
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Proposed Origin of Postcaldera Rhyodacite
Initially, Bacon (1983) proposed the postcaldera rhyodacite is either (1) residual
rhyodacite from the climactic eruption, or (2) a leak from a new batch of silicic magma
generated after the climactic eruption.
In 1988, Bacon and Druitt, using whole rock data, reveal that the postcaldera
rhyodacite sample is chemically distinct from climactic or pre-climactic rhyodacite with
a more highly evolved composition of residual glass of 77.8 wt% SiO2 (Figure 6). They
suggest the postcaldera rhyodacite formed by fractional crystallization of postcaldera
andesite (as would be expected of a cooling body of andesite magma) and partial
assimilation of granitoid wall rock as suggested by the rhyodacite’s high incompatible
trace element abundances, indicating more than just fractional crystallization of
previously erupted andesite occurred. Mixing models involving climactic rhyodacite
with partial melt of granitoid produce poor fits; however mixing of postcaldera andesite
with partial melt of granitoid is more satisfactory, but does not produce adequate Ba or
sufficiently low compatible elements. They suggest that the assimilant must be more Ba
rich than the granitoids analyzed to date.
In 1994, Nelson et al. proposed that the relatively cool (830° C) and highly
evolved postcaldera rhyodacite may represent the cooling of residual magma that
remained in the climactic chamber and is thus evidence for an absence of magma from a
deeper source. However, they refer to Mazama’s long history of volcanism described by
Bacon (1983) and admit that lack of recent volcanic activity is not evidence that the
Mazama system was waning.
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Bacon and Lanphere (2006) claim that the postcaldera rhyodacite represents melt
from cooling postcaldera andesite.

Documenting Magma Chamber Processes from Mineral,
Textural, and Compositional Data
Magmatic Processes
A sub volcanic magma chamber is an environment in which magma is formed,
modified, and stored in the Earth’s crust. Processes that occur here contribute to the
characteristics of the magma body and the style of eruption. Whole rock chemical
analysis has been the mainstay for decades for identifying magmatic processes via
chemical identification of rock samples. X-ray fluorescence (XRF) analysis quantifies
abundances of elements in a sample that has been crushed, heated and homogenized. The
results reflect a combining of all the components in the rock, i.e. crystals, ground mass,
glass, lithics, etc. Whole rock data help to identify magmatic processes operating in a
magmatic system (e.g., Figure 3 and Figure 6).
Fractional crystallization is a closed system process in which magma chemically
evolves over time. Chemical evolution occurs as early forming mafic minerals
incorporate Mg and Fe from the melt into the crystal lattice; density differences cause the
mafic minerals to sink, which effectively removes some Mg and Fe from the melt,
thereby enriching the melt in felsic components (Bowen, 1928) resulting in an “evolved”
magma with higher SiO2 content.
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Bulk assimilation, commonly referred to as contamination, is an open system
process where magma incorporates surrounding wall rock by complete melting and
mixing with it. Selective assimilation occurs when only part of the wall rock is
incorporated, either as crystal mush, or just the liquid fraction of partially melted wall
rock (e.g., Edwards & Russell, 1996). Pre-existing wall rock that houses the magma
body may be either previously cooled magma from the same system, or distinct crustal
rock.
Magma mixing is an open system process where two distinct magmas come into
contact and undergo various degrees of mixing. Usually a more mafic magma is injected
into a more evolved magma, but the opposite may occur (e.g., Eichelberger et al., 2000;
de Silva et al., 2008). Another form of magma mixing results from convective selfmixing within the magma system caused by density differences and temperature
gradients in a magma chamber (Couch et al., 2001), or mixing may occur in the conduit
upon eruption (e.g., Snyder & Tait, 1996). Magma mixing can be the catalyst to volcanic
eruptions (e.g., Sparks et al., 1977)
Two end members of magma mixing are 1) the creation of a hybrid magma via
complete mixing of two distinct magmas, the evidence of which is only discerned by its
mineralogy and the chemistry of the crystals formed in the hybrid magma, 2) magma
mingling, in which two distinct magmas only partially mix, resulting in two chemically
and visibly distinct lavas within one eruptive unit; evidence for magma mingling is
usually apparent at the outcrop scale.
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A common feature of magma mingling is the magmatic inclusion, or magmatic
enclave, which forms when the intruding, usually more mafic and hotter magma chills
upon mixing with the relatively cooler, more silicic host magma (e.g., Bacon & Metz,
1984: Bacon, 1986). The chilled mafic magma is typically darker than its more silicic
host, and often presents as distinct darker “blobs” in the lighter host.
Plagioclase Crystals as Indicators of Magmatic Environment
The history of a crystal comprises the magmatic events that occurred during its
formation and residence in a magmatic system (e.g., Anderson, 1984; Pearce et al.,
1987); these events can be chronologically recorded in the chemical and textural profile
from core to rim (e.g., Ginibre et al., 2002, 2007). Plagioclase is a faithful recorder of
magmatic processes because of its prevalence in most magmatic rocks, its wide range of
temperature and pressure stability, and its relatively slow diffusion rate (e.g., Blundy &
Wood, 1991).
Plagioclase is a solid solution mineral with the chemical formula Na[AlSi3O8] –
Ca[Al2Si2O8]. The two end-members of the plagioclase solid solution series are: Albite,
the sodium (Na) rich end-member, and Anorthite, the calcium (Ca) rich end-member. An
added bonus of the Albite–Anorthite solid solution series is that CaAl-NaSi diffusive
exchange is relatively slow in a high temperature environment ensuring that the final
composition of plagioclase is indicative of the composition of the magma in which it
grew (Grove et al., 1981).
A first order chemical indicator of changes in a magmatic environment is
reflected in the amount of Ca (relative to Na and K) in plagioclase; this is referred to as
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Anorthite (An) content and is the measure of (Ca/(Ca + Na + K)*100). Using An content
to infer magmatic conditions is useful because at higher temperatures, Ca is preferentially
+2

+1

incorporated into plagioclase. Variable percentages of Ca and Na within different
zones of plagioclase can reflect variable temperatures of the magma in which it grew.
However, other intrinsic factors lead to preferential incorporation of Ca into plagioclase,
so caution must be exercised when using An content as a magmatic environmental
indicator. An content is most useful when combined with other chemical indicators.
Other useful indicators for identifying magmatic processes and detecting changes
in magmatic environments include minor and trace elements of Mg, Fe, Ti, and Sr
(Singer et al., 1995), which are more abundant in a primitive magma. As magma evolves
via fractional crystallization, Sr is incorporated into plagioclase leaving the residual melt
impoverished in Sr. Mg, Ti, and Fe are incorporated into early forming mafic minerals,
such as olivine and pyroxenes, also leaving the residual melt impoverished in these
elements. In a closed fractionally crystallizing system, crystals that form first will have
higher abundances of Sr, Mg, Ti, and Fe than will later forming crystals. Any enrichment
of these elements in later forming (i.e. possibly smaller) crystals, or enrichment in the rim
relative to the core, may indicate that the magma experienced mixing with another
magma. This knowledge is useful because it is possible to identify crystals that began
growth in one type of magma, then mixed in with another type of magma, and possibly
erupted in yet another distinct magma.
Among the useful chemical indicators of magmatic environments, Sr stands alone.
2+

2+

Sr often substitutes for Ca

in the growing crystal lattice of plagioclase. What makes
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Sr indispensable is that

87

86

Sr / Sr is a valuable indicator of the source of magma from

which the plagioclase grew. Unlike An content in plagioclase, the

87

86

Sr / Sr is not

affected by fractionation, nor by changes in pressure, temperature, H2O content;

87

86

Sr/ Sr

ratios are only modified by open system processes such as magma mixing and
assimilation. A less evolved magma typically has lower
association with the more radiogenic crust. Therefore

87

87

86

Sr / Sr due to a lack of
86

Sr/ Sr ratios in and across a

plagioclase crystal can be a useful indicator of magma mixing and assimilation (e.g.,
Davidson et al., 2001; Tepley & Davidson, 2003).
Magmatic Processes Identified by In Situ
Chemical Stratigraphy of Plagioclase
Magmatic processes previously revealed by in situ chemical stratigraphy (core to
rim changes in elemental abundances and isotopic ratios) of plagioclase crystals include
(1) crustal contamination (e.g., Tepley & Davidson, 2003: Ramos et al., 2005), (2)
basaltic and silicic magma recharge leading to eruption (e.g., Ginibre et al., 2002; de
Silva et al., 2008, respectively), (3) magma chamber overturn (e.g., Triebold et al., 2006),
(4) vigorous magma chamber convection leading to crystal recycling and the
disaggregating of crystal cumulates (e.g., Blundy & Shimizu, 1991), (5) multistage ascent
and crystallization history (Berlo et al., 2007), and (6) information about the plagioclase
residence times in a magmatic environment before eruption (e.g., Morgan & Blake,
2006).
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Plagioclase Crystal Textures
In concert with chemical indicators of magmatic processes, which dictate
magmatic environments, textural evidence can aid with interpretation of chemical data.
Typical plagioclase textures include sieve textures, rounded or resorbed boundaries, fine–
and large–scale oscillatory zoning, and patchy zoning (e.g., Streck, 2008). These textures
may be present in the crystal core, intermediate area, or rim, or throughout the whole
crystal.
Simple dissolution (or peripheral dissolution) appears as subtle rounding or as
deep recesses and embayments along the edge of the crystal, which results in a subhedral
to anhedral shape (Table 4). This type of dissolution occurs when a crystal undergoes
removal of some/all of the outer edge of a crystal. Rounded boundaries are dissolution
boundaries in the interior of crystal followed by renewed growth. When a rounded
boundary surrounds the core of the crystal, the term resorbed core is used. Dissolution
textures in plagioclase, such as rounded boundaries and resorbed cores, and sieve
textures, whether spongy or boxy, are caused by a perturbation in the magmatic
environment such as a change in melt composition due to magma recharge, or changes in
intrinsic parameters in the magmatic environment such as temperature (T), pressure (P),
oxygen fugacity, fO2, and the partial pressure of water pH2O.
Sieve textures include fritting or the presence of resorption “holes” (Table 4).
Sieve textures result from dissolution and regrowth (Stewart & Pearce, 2004). Singer et
al. (1993) suggest that sieve textures are formed by rapid growth during decompression
of mafic magmas in which the melt and volatiles are trapped during regrowth of
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Texture/ zoning
Simple
dissolution
Peripheral
dissolution

TABLE 4. TEXTURES AND ZONING IN PLAGIOCLASE
Description
Interpretation
Example
Subtle to extensively
Resorption caused by
rounded or deeply embayed increase in
crystal edges
temperature or
decrease in pressure
(Tsuchiyama, 1985)

Scale: 500 µm
Rounded
boundaries

Subtle to extensive
rounding; NDIC image
showing rounded Na rich
core followed by oscillatory
Ca rich bands.

New growth following
resorption

Sieve Texture

Complex network of tiny
glass channels or tubules
produced by the
solidification of infilling
melt (Tsuchiyama, 1985;
Nelson & Montana, 1992)

Formed by rapid
growth during
decompression; melt
and volatiles are
trapped in regrowth.
Boxy sieve thought to
reflect rapid growth
after dissolution.

Monotonous
zoning

No change in texture.
(Diagonal cracks due to
stress-possibly during
eruption)

Crystal in equilibrium
with the melt

Scale: 400 µm (NDIC)

Scale: 1000 µm (BSE)

Scale: 1000 µm (BSE)

47
Texture/ zoning
Oscillatory
zoning

TABLE 4. (continued)
Description
Interpretation
Multiple bands reflecting
Classified as a
periodicity of Ca and Na
primary growth
abundance; may be coarse
feature because they
or fine-scale bands( < 10
generally are parallel
µm) or a combination of
with the crystal edges
both (Vance, 1962; Sibley
which suggests
et al., 1976; Ginibre et al.,
euhedral, undisturbed
2002; Pearce, 1994).
growth (Shore &
Fowler, 1996)

Example

Scale: 300 µm
Normal zoning

Decrease in Ca from core to
rim. BSE image euhedral
crystal showing Na rich
(darker) rim relative to Ca
rich (lighter) core.

Indicates normal
crystal fractionation
processes (Streck,
2008)

Reverse Zoning

Increase in Ca from core to
rim. BSE image showing
Ca rich rim (lighter)
relative to Na rich core
(darker).

Caused by changes in
composition, increase
in temperature or
pressure under watersaturated conditions
(Streck, 2008)

Patchy Zoning

Distinct areas of dissimilar
composition relative to the
overall composition of a
zone; may be either Ca rich
patches or Na rich patches
(Vance, 1965; Jorgenson,
1971).

Are either formerly
dissolved areas of the
crystal infilled with
new growth or a
remnant of a former
crystal overgrown
with new growth
(Streck, 2008)

Scale: 200 µm (BSE)

Scale: 500 µm (BSE)

Scale: 500 µm (BSE)
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plagioclase. Through a cross-polarized microscope, sieve textures appear hazy, dusty, or
dirty because of the glass-filled sub-microscopic spherules and channels throughout the
crystal. In Backscatter electron (BSE) images, sieve texture appears as a random
patchwork of gradations of grey, black and white, reflecting the chemical composition.
In Nomarski Differential Interference Contrast (NDIC) imaging, sieve texture appears
rough or gritty because of the visual contrast between the Na high and Ca low area of the
crystal, with the glass areas being topographically highest (Stewart & Pearce, 2004). The
scale of sieve textures ranges from coarse to fine.

Compositional Zoning in Plagioclase
Zoning in a crystal reflects core to rim compositional variations obtained as a
crystal grows (e.g. oscillatory zoning) or may be indicative of dissolution and regrowth of
a relatively large area of a crystal (Table 4). These compositional differences can
sometimes be distinguishable under a petrographic microscope but are more readily
discerned with other high resolution imaging techniques such as BSE or NDIC imaging.
Oscillatory zoning appears concentrically banded much like the growth rings of a tree.
The bands may either be relatively wide coarse bands, or fine- scale bands < 10 µm
(Ginibre et al., 2002), or a combination of both. Oscillatory zoning results from a
relative periodicity of Ca and Na abundances. Shore and Fowler (1996) classify
oscillatory zoning as a primary growth feature because the zones are parallel to the
crystal edges, which suggest undisturbed growth during the time the oscillatory zone was
formed.
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Compositionally, Na rich bands appear darker in BSE and topographically higher
in NDIC (Table 4). Fine-scale oscillatory zoning with regular periodic changes in
composition is controlled by diffusion rates and concentration gradients at the crystalmelt interface while the crystal is growing faster than the diffusion rate can re-supply
elements (Sibley et al., 1976). Large-scale (coarse) oscillatory bands may be due to
perturbations in the magmatic environment such as changes in pressure or water content.
Normal zoning is a compositionally related term that refers to a progressive
decrease in Ca from core to rim. This type of zoning generally occurs in an undisturbed
closed system where fractional crystallization progressively removes more Ca from the
melt, resulting in less Ca in the melt to be supplied to the subsequently growing
plagioclase crystal
Reverse zoning is a compositionally related term that reflects an increase in Ca
from core to rim. This would not normally occur in a magma body experiencing
fractional crystallization, without some internal perturbation such as a change in
temperature, pressure or water content. A change in the composition of the magma,
through addition of a more Ca rich melt, may also produce reverse zoning.
Monotonous zoning in plagioclase typically forms when the composition of the
crystal remains relatively constant with respect to Ca and is represented by an absence of
textures across the crystal face.
Patchy zoning in plagioclase appears either as distinct patches or a series of
interconnected patches of chemically diverse composition irregularly distributed across
the crystal face (Table 4). The interpretation of patchy zoning is that it forms in response
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to previously dissolved areas of the crystal face that subsequently recrystallize
plagioclase of a different composition than the host crystal, much like the mechanics of
sieve textures, but at a larger scale and presumably without melt or mineral inclusions.
However, Humphreys et al., (2006) observe that patches in a host crystal are typically
accompanied by melt and mineral inclusions and thus suggest that the patch represents
partial resorption of an older core. They interpret Ca rich patches in a predominantly Na
rich core to indicate an originally Na rich core was partially melted and resorbed and
subsequently renewed its growth in a more Ca rich melt. Whether patchy zoning
represents the dissolution of a Ca rich core infilled by Na rich material (Tsuchiyama,
1985), or visa versa (Nixon & Pearce, 1987), depends on identifying and determining
which part of the patchy texture represents the original chemical composition; this can
prove difficult where the original core may be hard to identify or wholly replaced.
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CHAPTER III
METHODS
Postcaldera Samples from Crater Lake
Samples for this study of the postcaldera eruptions of Crater Lake were provided
by Dr. Charles Bacon, U.S.G.S., Menlo Park, CA. The Crater Lake sample suite
consists of 23 samples from Wizard Island; 16 are subaerial samples collected by Dr.
Bacon during his 1980–1989 field mapping investigations. Seven subaqueous samples
from Wizard Island and seven samples from the central platform were collected by
Deep Rover (Nelson et al., 1994). The Merriam Cone sample was dredged by Dr.
Bacon (Bacon, pers. comm.). The rhyodacite dome sample was collected by Hans
Nelson ca. 1960 using a drag-dredge (Nelson, 1967; Williams, 1961); it was obtained
by the U.S.G.S. from the U.C. Berkeley collection for further study (Bacon, pers.
comm.). Whole rock data for these samples were provided by Charles Bacon, United
States Geological Survey (Table 3).

Petrography & Mineralogy
A careful petrographic examination was made of the Crater Lake sample suite
using a Nikon LABOPHOT-2 polarized optical microscope at Central Washington
University. After reviewing all of the samples, a subset of five representative samples
was chosen for this study: one from each of the postcaldera volcanic edifices and two
from Wizard Island (Figure 5). The samples are listed below with the official U.S.G.S.
sample number in parenthesis and my abbreviated sample name in bold. For simplicity,
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I use my abbreviated sample names throughout this thesis. Samples descriptions and a
brief rationale for sample choice are provided below.
1) WI-1 (#CD-175-2) is a subaqueous Wizard Island sample selected because of its
relatively high SiO2 (59.3 wt % SiO2) and its abundance of diverse and sufficiently well
preserved crystals. Sample location is near the base of the north slope of the
subaqueous platform of Wizard Island at a lake depth of 426 m (Bacon, pers. comm.)
Samples from the north slope represent the early stages of volcanism and provide an
early snapshot of the Wizard Island magmatic system (Bacon et al., 2002; Nelson et al.,
2004).
2) WI-2 (#80C-516) was selected because it contains both andesite and a mafic
inclusion (50.4 wt % SiO2) sometimes referred to as an enclave in previous studies (e.g.
Bacon, 1986). WI-2 was subaerially erupted and was collected from the western base
of Wizard Island cone. WI-2 represents the later stage of volcanism at Wizard Island
based on stratigraphic relations to WI-1. Whole rock data for WI-2 are for the inclusion
portion. Proxy chemical data for the andesite host (60.02 wt % SiO2) comes from
U.S.G.S. sample #80C-515, which is from the same lava flow (pers. comm. Charles
Bacon) and is similar in mineral content and proportion to the andesite host of WI-2.
3) CP (#CD-185-5) was selected because it is the most mafic sample from the central
platform (57.4 wt % SiO2). It was collected from the north top of the SE slope of the
platform at a lake depth of 306 m.
4) MC (#84C-1172) is the only available sample from Merriam Cone and has 60.2 wt
% SiO2.
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5) RD (#81C-673) is the only sample from the rhyodacite dome and has 71.7 wt %
SiO2.
These samples were sent to Wagner Petrographic and made into 150 µm thick,
doubly polished thick sections for further study.

Nomarski Differential Interference Contrast Imaging
Background
Nomarski Differential Interference Contrast (NDIC) Imaging is a microscopic
technique developed by G. Nomarski ca. 1950’s (Nomarski & Weill, 1954). This
technique involves acid etching a thin section of a sample and viewing it with a
reflected light microscope fitted with a lens that splits a beam of light reflecting off the
sample and passes it through a Nomarski prism lens, which effectively resolves the
distinct wave fronts of the split light beam (Anderson, 1983; Pearce et al., 1987). The
image displays apparent microtopographic relief of the crystal; Na rich areas of the
crystal appear to be topographically higher than Ca rich areas, resulting in stunning
detail of diverse textures and zoning (Pearce & Kolisnik, 1990). Anderson (1983)
demonstrated that internal zonation of plagioclase can be imaged with a spatial
resolution of 0.5 µm and compositional contrast as little as 1% Ab/An can be resolved.
NDIC Imaging
The doubly polished thick sections were prepared for NDIC at Portland State
University under the guidance of Dr. Martin Streck. The thick-sections were immersed
in concentrated fluoroboric acid (HBF4) for ~25 seconds and then placed in a solution
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of baking soda (NaHCO3) and water to neutralize the acid and arrest the etching of the
sample. The thick sections were dried and wiped with acetone to remove any residue
and then coated with a 200-ångstrom layer of carbon to reduce internal reflections
within the minerals and increase the surface reflection (Pearce & Clark, 1989).
I viewed all of the thick-sections of the selected postcaldera samples using
NDIC imaging and photographed ~ 250 large, medium, and small plagioclase that
displayed diverse textures and zoning using “LeicaFire Cam” imaging program. From
the NDIC images, I chose 56 plagioclase crystals of diverse sizes and textures for in situ
plagioclase analysis.

Electron Microprobe Analysis
Background
Electron microprobe (EMP) analysis is an electron particle-beam technique that
is capable of identifying and quantifying absolute abundances of major and some trace
elements in a crystal at a very high spatial resolution of 1-3 microns (e.g., Davidson et
al., 2007). The technique is non-destructive, amenable to in situ chemical analysis, and
allows for mineral zoning to be studied in detail. EMP analysis utilizes finely focused
high-energy electrons to bombard the selected area of the sample. Upon impact of the
electron beam, secondary characteristic X-rays are produced within the mineral and are
emitted. These secondary characteristic X-rays comprise a spectrum of wavelengths
that are characteristic for that specific element based on its electron configuration; the
intensity of the signal is a function of the amount of a particular element analyzed
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(Nesse, 2000). The X-rays are detected with either an energy dispersive spectrometer
(EDS) or wavelength dispersive spectrometer (WDS). The characteristic wavelengths
are measured, recorded and compared to those of known standards for element/mineral
identification. Accuracy of ±1 % can be achieved with EMP analysis (Davidson et al.,
2007).
In addition to identification and quantification, the secondary X-rays of the EMP
can produce elemental images of crystals called Back Scatter Electron (BSE) images.
BSE images are produced based on differences of the atomic number of the elements in
the crystal and are displayed in grayscale; lower atomic number elements are darker
while higher atomic number elements are lighter. In the study of plagioclase, a useful
11

20

contrast in BSE images occurs between Na , which appears darker, and Ca , which
appears lighter, revealing patchy zoning, oscillatory zoning, and sieve textures resulting
from compositional differences of plagioclase (e.g., Ginibre et al., 2002). Another
advantage of having BSE images is that they aid in selection of EMP analysis spots.
Minute inclusions common to plagioclase, such as mafic mineral inclusions (usually FeTi oxides) appear white, and glass (whether volcanic glass inclusions trapped in the
mineral, or the glass of the thin section coming through a void in the crystal) appears
black; distinctions so readily discernable in BSE images, are not apparent in NDIC
images.
Using the NDIC and BSE images, I characterized the textures in the core, INT,
and rims of the plagioclase. For crystals that lacked definitive core-INT or INT-rim
boundaries, I divided the crystal into three concentric zones and considered the inner
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zone the core, the outer zone the rim, and the intermediate zone the INT area of the
crystal.
EMP Analysis
Electron microprobe analyses were carried out over two days at the Electron
Microprobe Laboratory, College of Oceanic and Atmospheric Sciences, Oregon State
University under the direction of Dr. Frank Tepley III. The equipment used was a
Cameca SX-100 EMP with five wavelength dispersive spectrometers equipped with
Cameca Peak Site imaging software able to produce backscatter electron (BSE) images.
Operating conditions for plagioclase analyses were: accelerating potential of 15 kV,
beam voltage current of 30 nA, and beam size 3 µm.
The carbon-coated thick sections of the samples were pre-cleaned in a vacuum
for 30 minutes to get rid of volatiles in between the pore-space of the minerals and on
the slide to ensure accuracy of the analysis. The EMP was calibrated using the standard
USNM 115900 Labradorite from Lake County, Oregon. Analyses of this standard were
repeated ~ every 30 analyses to maintain instrumental precision. Images of pre-selected
plagioclase were obtained using the BSE capability of the EMP to record analysis
selection points. Analyses were performed in the core, intermediate (INT) area, and rim
of plagioclase based on textural differences and diverse zoning, being careful not to
include any glass-filled cracks or mineral inclusions. Analyses points were noted on the
printed BSE image for textural correlation with the Nomarski images. A total of 56
plagioclase crystals were analyzed from the five samples in spot analysis mode, and 5
of these crystals were analyzed in core to rim traverses. Analyzed elements include Na,
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Mg, Si, Al, Fe, Ca, Mn, Ti, K, Sr, and Ba. The microprobe resolution is 4 µm. Relative
uncertainty for the analyses is typically 1-2%. Detection limits for given elements are
generally better than 0.02 wt. % and are in Electronic Appendix D. In total, 171 EMP
analyses were performed on 56 plagioclase. Results of the EMP analysis were
transferred to the NDIC image for textural correlation.

Laser Ablation–Inductively Coupled Plasma
Mass Spectrometry Analysis
Laser ablation–inductively coupled plasma-mass spectrometry (LA-ICP-MS)
was performed in two sessions at Oregon State University at the W.M. Keck
Collaboratory for Plasma Spectrometry under the direction of Dr. Adam Kent. The
laser is a NewWave DUV 193 ArF Excimer Laser system with high purity He carrier
gas coupled to a VG PQ ExCell Elemental quadrupole mass spectrometer. It was
operated in continuous mode for 360 sec duration at 7 Hz pulse rate with a spot size of
50 µm diameter. Analytical precision was maintained by calibrating the ICP-MS to
NIST-612 glass every 6-8 analyses. Trace elements analyzed are: Li, Mg, Sc, Ti, Cu,
Zn, Sr, Y, Zr, Ba, La, Ce, Pr, Nd, Sm, Eu, Pb, Th and U.
LA-ICP-MS analysis for trace elements was performed on all plagioclase (n=56)
analyzed with the EMP for a total of 206 analyses. LA-ICP-MS spot analyses were
located at or as close to the EMP spot analyses as possible, being careful to avoid any
glass filled cracks or inclusions, in order to correlate data from both techniques and to
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utilize EMP measured CaO content to calibrate the LA-ICP-MS results. The LA-ICPMS results were transferred to the NDIC images for textural correlation.
A few plagioclase lacked corresponding valid EMP data. To calibrate LA-ICPMS data for these analyses, the BSE image of the plagioclase, in conjunction with EMP
data for the same or adjacent crystal, was used to visually estimate the CaO content by
comparing the gradation of the grey scale image of the crystal area in question with the
EMP measured CaO content of the crystal. LA-ICP-MS data obtained in this way are
listed in red in Electronic Appendix E.

Multicollector Laser Ablation Inductively Coupled
Mass Spectrometry Analysis
Plagioclase was analyzed for in situ

87

86

Sr/ Sr at Washington State University

under the direction of Dr. Garret Hart over a two-day period.

87

86

Sr/ Sr of plagioclase

crystals were measured using a ThermoFinnigan Neptune Multicollector (MC)
Inductively Coupled Plasma (ICP) Mass Spectrometer (MS) coupled to a NewWave
UP-213 laser ablation (LA) system; the acronym for this instrument is MC-LA-ICPMS. Operating parameters for the laser were: laser wavelength of 213 nm, fluence 112

12 J/cm , 20 Hz pulse rate, carrier gas of He and Ar. A baseline for each analysis was
measured for 30 seconds. The in-house standard for plagioclase is from the Imnaha
Flow of the Grand Ronde Basalt; 10 standard runs were performed for each of the five
samples analyzed. Spot size for analyses was 80µm at a depth of 2µm; the length of
analyses troughs was ~400–500 µm. Sr isotope ratios were derived from 100 Sr ratios
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measured in 1.2 second integrations. Of the formerly analyzed 56 plagioclase crystals,
only 34 were successfully analyzed using MC-LA-ICP-MS for Sr ratios because some
crystals were too small and/or lacked enough unaltered area for analysis. Sr isotope
ratios were measured in the core, the intermediate (INT) area, and rim when adequate
unaltered area permitted. In total, 60 Sr isotope analyses were successfully performed
on 34 of the original 56 plagioclase crystals. The Sr isotope data results were
transferred to the NDIC images for textural correlation.

CHAPTER IV
RESULTS
The results of plagioclase NDIC and BSE imaging, in situ chemical analysis using
EMP for major and some minor elements, LA–ICP-MS for minor and trace elements, and
MC-LA-ICP-MS for 87Sr/86Sr are presented below. For each technique, a comparison of
all of the samples is followed by results specific to each sample. Thin sections of the
postcaldera samples are located in Electronic Appendix A. NDIC and BSE images of all
plagioclase with analysis points and select chemical data are in Electronic Appendix B.
Results of LA-ICP-MS and EMP analyses are in Electronic Appendices C and D,
respectively, and a table of compiled chemical data from all analyses are in Electronic
Appendix E.
Approximately 250 plagioclase crystals from five Crater Lake postcaldera
samples were imaged using NDIC. From these images, I chose 56 plagioclase crystals
(average of 11 from each sample) based on size, diversity of textures and zoning, and
freshness for in situ chemical analysis. Using BSE and NDIC images, I categorized
textural characteristics of cores, intermediate area (INT), and rims of large (> 1.0 mm),
medium (0.5–1.0 mm) and small (< 0.5 mm) plagioclase for each sample (Table 5). See
Table 6 for a combined summary table for all postcaldera plagioclase by crystal size.

Petrography
Crystals are defined in this study based on the following size classification: large
(> 1 mm), medium (0.5–1 mm) and small (< 0.5 mm). In addition, plagioclase crystals
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Sample
SiO2
(wt %)
CP Cores
57.4
WI-1Cores
59.3 wt %
WI-2 Cores
*60.2
MC Cores
60.2
RD Cores
71.7
CP INT
57.4
WI-1 INT
59.3
WI-2 INT
60.2
MC INT
60.2
RD INT
71.1

TABLE 5. TEXTURAL SUMMARY OF PLAGIOCLASE
CORES, INTERMEDIATE, AND RIMS
Large
Medium
Small
> 1 mm
0.5–1 mm
< 0.5 mm
Patchy (1)
Sieved (1)
Monotonous (2)
Patchy (4)

Patchy (3)

Monotonous (1)
Patchy (2)
Oscillatory (1)
Patchy (4) with
coarse boxy/spongy
sieve texture.
Patchy (2) with
spongy texture

Monotonous (3)
Patchy (1)

Monotonous (2)
Patchy (1)

Monotonous (1)
Patchy (2)
Oscillatory (1)
Monotonous (3)
patchy (1) with
sieve texture.
Monotonous (1)
Patchy (1)

Patchy (2) with sieve
texture
Monotonous (1)
Patchy (4)
Patchy/Sieved (1)
Monotonous (1)
Patchy (3)

Patchy (1)
Oscillatory (2)
Patchy/Sieved (2)
Oscillatory (1)

Patchy (2)
Oscillatory (6)
Monotonous (2
Sieved (1)

Monotonous (1)
Patchy (1)
Oscillatory (2)
Patchy (2)
Sieve (1)

Monotonous (2)
Oscillatory (2)

Monotonous (1)
Oscillatory (2)

Monotonous (1)
Oscillatory (1)

.
Most small rims
are oscillatory;
most have normal
zoning
Reversely zoned
crystals in Large
(4) and small (2)
Reversely zoned
crystal in each
size
Reversely zoned
crystals Large (2),
Med (1) and
Small (1)
All normally
zoned

Patchy (1)
Oscillatory (2)
Sieve (1)
Patchy (2)

Patchy (1)
Sieved (2)

Monotonous (1)
Patchy (2)

Monotonous (3)
Patchy (5)
Monotonous (2)
Patchy (1)

Comment

Reverse zoning in
Large (4) and
small (2) crystals
Lg crystals are
mostly normally
zoned.

Monotonous (1)
Oscillatory (3)

CP Rims
57.4

Monotonous (1)
Oscillatory (1)

Monotonous (1)
Oscillatory (2)

Monotonous (2)
Oscillatory (6)

WI-1 Rims
59.3

Monotonous (3)

Monotonous (2)
Patchy (1)

WI-2 Rims
60.2

Monotonous (3)
Oscillatory (2)
Sieve (1)
Monotonous (2)
Oscillatory (2)

Monotonous (3)
Patchy (1)

Monotonous (4)

MC Rims
60.2

Monotonous (2)
Oscillatory (2)

Monotonous (3)

Monotonous (4)

RD Rims
71.7

Monotonous (2)

Monotonous (1)
Oscillatory (2)

Monotonous (1)
Oscillatory (1)
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Crystal
Zone
Core

TABLE 6. COMBINED TEXTURAL SUMMARY OF PLAGIOCLASE
CORES, INTERMEDIATE, AND RIMS
Large
Medium
Small
All Sizes
(> 1 mm)
(0.5-1 mm)
(< 0.5 mm)
Combined
Patchy (13) *6 of
these are sieved

Patchy (8)

Monotonous (10)

Monotonous (6)

Patchy (10) *one is
sieved

Sieved (3)

Oscillatory (1)

Monotonous (19)

Sieved (1)

Patchy (31) *7 of
these are sieved

Sieved (2)
Monotonous (3)
Oscillatory (1)
INT

Oscillatory (2)

Patchy (13) *3 of
these are sieved

Patchy (6) * 2 of
these are sieved

Monotonous (2)

Sieved (1)

Monotonous (6)

Patchy (21) *5 of
these are sieved

Oscillatory (12)
Sieved (3)
Sieved (1)
Oscillatory (2)
Sieve (1)

Rim

Oscillatory (7)

Monotonous (10)

Monotonous (2)

Oscillatory (21)

Monotonous (10)

Monotonous (11)

Monotonous (13)

Monotonous (34)

Oscillatory (7)

Oscillatory (4)

Oscillatory (7)

Oscillatory (18)

Sieve (1)

Patchy (1)

Patchy (1)

Patchy (2)
Sieved (1)

*For crystals lacking definite texturally defined core-INT and/or INT-rim boundaries, the
crystal was arbitrarily divided into three concentric zones to represent the core,
intermediate area, and rim.
from the basaltic inclusion portion of WI-2 are referred to as microlites in this study to
distinguish them from other crystals in the andesite portion of WI-2 and because most
plagioclase in the basaltic inclusion are ~ 0.3 mm.
The postcaldera andesites are crystal rich (Figure 7) containing ~ 35% crystals;
plagioclase is the dominant mineral phase (75-87 vol%). Other phases include
orthopyroxene (~1-10 %) and augite (up to 6 %). CP and WI-2 contain rare olivine. The
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a

WI-2 andesite

1000 µm
c

1000 µm

WI-2 inclusion

500 µm
µm
CP

1000 µm
e
a

b

d

WI-1

1000 µm
MC

f

RD

1000 µm

Figure 7. Representative photomicrographs of postcaldera samples in this study viewed
in cross-polarized light. Sample abbreviations are the same as in the text. (a) WI-2
andesite. (b) WI-2 basaltic inclusion is rich in plagioclase microlites; note the rare large
plagioclase with sieved core. (c) CP is rich in small plagioclase; large and medium
crystals are less abundant. (d) WI-1 large anhedral crystal with sieved rim (yellow
arrow). (e) MC viewed in 150 µm thick section. (f) RD rhyodacite is glass rich,
relatively crystal poor with euhedral crystals.
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mafic inclusion of WI-2 is rich in microlitic plagioclase < 500 µm in length, with most
plagioclase ~ 300 µm in length. Other mineral phases in WI-2 are iron-titanium oxides
(15%) and orthopyroxene (10 %). The rhyodacite contains ~ 15 % phenocrysts that are
predominantly euhedral plagioclase with a minor amount of orthopyroxene and rare
biotite. Hand sample and thin section descriptions specific to each sample are given in
Table 7.

Nomarski Differential Interference Contrast and Backscatter Electron Imaging
Textural Summary of All Samples
A summary of the textural analysis for each sample by size is presented in Table
5. A summary combining all of the samples is presented in Table 6. Plagioclase in all
samples exhibits disequilibrium textures, especially in the large and some medium
crystals. Large and medium plagioclase cores are dominated by patchy (± sieve)
textures. Small cores have either monotonous or patchy zoning. The INT of large
plagioclase exhibits predominantly patchy (± sieve) textures; monotonous and oscillatory
zoned INT are present but uncommon. In medium plagioclase INT, oscillatory zoning
predominates, followed by patchy zoning. In small plagioclase, oscillatory zoning is the
dominant texture in the INT, followed by monotonous zoning; sieve texture is rare. The
rims of all sizes of plagioclase are mostly monotonously zoned, with oscillatory zoning in
less than half. Patchy or sieve texture is rare in the rims.
Comparing the five samples, almost all of the large and about half of the medium
plagioclase crystals display extensive resorption textures in the cores and INT. WI-1 has

Sample

TABLE 7. PETROGRAPHIC DESCRIPTION OF THE POSTCALDERA SAMPLES
WI-2 Inclusion
CP
WI-1
WI-2
MC
Basalt
Andesite
Andesite
Andesite
Andesite

**SiO2
Hand Sample

50.4 wt %
Light grey, fine
grained matrix

57.4 wt %
Dark grey
porphyritic

Groundmass

Microlitic

Microlitic

Crystal
Content

~3%
excluding
microlites
75% pl
0.25-7.7 mm,
most ~ 0.5 mm,
small lathlike
pl are euhedral.
Rare large pl
are anhedral
with sieved
cores
10% opx
15% Fe-Ti
oxides

~8%
excluding
microlites
Pl < 4 mm, most ~
0.5mm.
Lg pl pervasively
sieved,
Med pl have
resorbed cores,
Small pl are
euhedral
Rare ol <1.8 mm
Rare augite
< 2 mm

Mineralogy
(Percent of
each mineral
reported out of
total minerals)

Comments

Mafic enclaves
reported

59.3 wt %
Dark grey,
porphyritic, fine
grained matrix
(~15%vesicles)
Glassy with
euhedral lathlike
pl microlites
~35 %
(55 % including
microlites)
87% pl < 2.5 mm.
Lg pl are sub- to
anhedral, most with
spongy cores, some
have spongy rims
Medium xtals are
more euhedral and
have spongy cores
and/or rims.
opx < 2mm, large
are sub- to anhedral;
med are euhedral

RD
Rhyodacite

*60.2 wt %
Dark grey to black,
(3% vesicles)

60.2 wt %
Medium grey with
fined grained matrix
(~3% vesicles)

71.7 wt %
Light to medium grey
finely porphyritic
(2% vesicles)

Glassy with
euhedral lathlike pl
microlites
~37%
including microlites

Glassy with
euhedral lathlike pl
microlites
25%
excluding microlites

Glassy

85% Pl <1.7 mm
Lg xtals are
subhedral with sieve
textures in cores and
rims
6% aug < 0.5 mm
5% opx < 0.5 mm,
subhedral
4% Fe-Ti ox
< 0.3 mm
1% ol

% 75 plag < 2.2 mm,
Lg are sub-to
anhedral. Med are
sub- euhedral with
sieve textures.
Sm are euhedral.
Aug < 1.3 mm
Opx < 1.5
Rare ol < 0.4 mm

Mostly euhedral
tabular plag < 2.2 mm
Opx < 1.0 mm
Fe-Ti oxide < 0.2 mm

Mafic enclaves in
subaeriel andesite

15 %

Rare Biotite

Only Mount Mazama
rhyodacite to contain
biotite

Descriptions combined from Bacon, 2008 and my petrologic examination. *SiO2 of proxy andesite USGS #80C-515. **XRF analyses recalculated to sum to
100% volatile free. Abbreviations: xtals = crystals, pl = plagioclase, opx = orthopyroxene, aug = augite, hb = hornblende, ol = olivine.
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the most diversely zoned large crystals. CP and MC have the most patchy and sieved
textured large crystals. Medium crystals are either patchy or monotonously zoned in the
core and INT; sieved textures are uncommon. The small crystals have cores that are
either patchy or monotonous or rarely oscillatory; the INT are either oscillatory or
monotonous, or rarely sieved.
Central Platform
Large crystals are subhedral to anhedral with predominantly patchy zoning and
extensive sieve textures in the core (Figure 8). The rims are either monotonous or
oscillatory. Medium crystals are subhedral to euhedral and have various degrees of
patchy zoning in the cores. Core-INT boundaries are generally highly rounded, as are
most of the INT-rim boundaries; rims are either oscillatory or monotonous. Small
subhedral to euhedral plagioclase displays patchy or monotonous cores with irregular and
wavy core-INT boundaries. Some small crystals have boxy or spongy sieve textures in
the core and/or in the INT.
Wizard Island-One
Large plagioclase crystals are subhedral to euhedral, have a diverse range of
zoning and textures, and lack a predominant textural type. The cores are typically patchy
or monotonous (Figure 9) with rounded boundaries with the exception of crystal 11a,
which has distinctly linear C-INT boundary (Figure 9d). Subhedral to anhedral medium
plagioclase crystals have pervasively sieved cores, rounded core-INT and INT-rim
boundaries. Small plagioclase crystals are subhedral to euhedral with predominantly
monotonously zoned cores. Crystals < 0.1 mm in length are generally euhedral and
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a
185-30a and 30b

a

b

200 µm

185-04a and 04b

b

b

a
1000 um

Figure 8. BSE images of plagioclase from CP. (a) Medium crystal 30a exhibits patchy
zoning in the core and INT; sodic patches are dark grey; small crystal 30b (yellow dashed
circle) exhibits oscillatory zoning. (b) Large crystal 04a has a pervasive sieve texture and
a calcic rim; small crystal 04b (yellow arrow) has monotonously zoned calcic core.
Prefix of crystal number is U.S.G.S. sample number.
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a

175-01a

b

175-07a

500 µm

c

175-09a

d

175-11a and 11c

Figure 9. BSE images of WI-1 large plagioclase. Scale bars are 1000 µm unless
otherwise noted. (a) Crystal 01a is monotonously zoned with a slightly more calcic rim.
(b) Crystal 07a is reversely zoned with a single sodic patch in the core (arrow). (c)
Crystal 09a exhibits both sodic and calcic patches in the core and oscillatory zoning in
the INT (arrow) Note the corroded and embayed rim. (d) Crystal 11a exhibits a broad
monotonous core (light squiggle is an artifact) surrounded by patchy and sieve-textured
INT containing numerous voids; crystal 11c has pervasive sieve texture. Note the
cumulate nature of crystals a and c. Prefix of crystal number is U.S.G.S. sample number.
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unzoned. Some of these have rounded cores and oscillatory zoning; a few have a very
minor amount of sieve texture in the core.
Wizard Island-Two
The sample from WI-2 contains crystal rich andesite and a fine grained mafic
inclusion. Most plagioclase crystals analyzed in this study (N = 12) are from the andesite
because of the abundance of diverse large and medium crystals. Almost all of the
plagioclase crystals in the inclusion are <500 µm in length; most are ~300 µm in length
(Figure 7b).
Large plagioclase crystals in the host andesite are subhedral to anhedral with
patchy zoning as the dominant texture (Figure 10). Most core-INT boundaries are wavy
or irregular, and rims are monotonously zoned. Unlike large plagioclase, medium
crystals generally lack patchy zoning (Figure 11). They are subhedral to euhedral with
generally monotonously zoned cores. The core-INT boundaries are rounded. The INT
textures are as diverse as those of the cores and include oscillatory zoning, patchy zoning,
and fine spongy sieved zones. Most INT-rim boundaries are wavy or irregular. Small
tabular plagioclase is euhedral with monotonous, patchy or oscillatory-zoned cores.
Core-INT boundaries are slightly rounded.
The inclusion of WI-2 is composed of small subhedral to euhedral tabular or
equant plagioclase crystals that are < 0.5 mm in length, with most being ~ 0.1–0.3 mm in
length (Figure 12). Many ~ 0.1 mm size crystals have rounded cores with or without
spongy sieve texture in the core, whereas others are monotonous from core to rim. A few
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516-18a

a

1000 µum

b

516-21a

1000 µum

Figure 10. BSE images of WI-2 large plagioclase crystals. (a) Crystal 18a has large
calcic patch in core (yellow arrow) and a slightly calcic rim (white arrow). (b) Crystal
21a has pervasive calcic rich patches. Prefix of crystal number is U.S.G.S. sample
number.
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516-22a, b, and c

22b

22a

b

22c

516-22a

c

516-22b

Figure 11. NDIC and BSE images of medium and small plagioclase from WI-2. Scale
bars are 500 µm. (a) BSE image highlights compositional diversity; crystal 22a has
calcic core; crystal 22b had a sodic core; crystal 22c has sodic core with angular calcic
patch. (b) NDIC image of crystal 22a showing linear core-INT boundary followed by
truncated oscillatory zone (arrow). (c) NDIC image of crystal 22b showing rounded
irregular core-INT boundary followed by wavy oscillatory zone (arrow). Prefix of crystal
number is U.S.G.S. sample number.
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WI-2 andesite and basalt inclusion

a

500 µm

WI-2 basalt inclusion

b

500 µm

Figure 12. NDIC (a) and BSE images (b) of WI-2 andesite and basalt inclusion.
(a) Andesite is on left; basalt inclusion is on right. (b) Most plagioclase crystals in the
inclusion are ~ 300 µm (dark grey) and are termed microlites for this study. Note the
relatively high abundance of Fe-Ti oxides (white) in the inclusion.

73
rare medium plagioclase crystals have rounded sieved cores and oscillatory-zoned rims
(Figure 7b).
Merriam Cone
Large subhedral plagioclase crystals are predominantly patchy zoned with varying
degrees of spongy/boxy sieve textures. Most of the core-INT boundaries are rounded
with wavy or irregular oscillatory zoning in the INT and/or rims (Figure 13). Medium
crystals are subhedral to euhedral and display patchy zoning in the cores; sieve textures
are absent. Most core-INT boundaries are slightly to highly rounded. Small crystals are
subhedral to euhedral and generally have monotonous cores. The core-INT and INT-rim
boundaries are either sharp and angular or slightly rounded.
Rhyodacite Dome
The cores of large plagioclase have varying degrees of patchy zoning. The cores
of most medium plagioclase exhibit monotonous zoning, with the exception of one
crystal that exhibits distinct Na rich patches (Figure 14). Most core-INT boundaries are
slightly rounded. Oscillatory zoning is common in the INT and rims. Small crystals are
either patchy or monotonously zoned; some have fine oscillatory zoning in the INT. In
the glassy groundmass, there is an abundance of tiny lath-like plagioclase and a minor
amount of tabular plagioclase (0.01–0.05 mm in length), some with swallowtail
morphology. A few glomerocrysts (crystal clots) contain small to large subhedral wavy
to oscillatory-zoned plagioclase.
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a

c

1172-07a

1172-24a

b

1172-10a

d

1172-34a

Figure 13. BSE images of Merriam Cone plagioclase. Scale bars are 500 µm. Patchy
zoning is the predominant textural type of large plagioclase. (a) Reversely zoned
plagioclase with calcic core containing numerous sodic patches. The INT has
oscillatory zoning (arrow). (b) Normally zoned plagioclase with predominantly calcic
core and INT with sodic patches and numerous voids. Note the calcic band near the
rim of the crystal (arrow). (c) Reversely zoned crystal; core has both calcic and sodic
patches. (d) Normally zoned crystal with calcic core and a minor amount of sodic
patches. This crystal exhibits oscillatory zoning throughout the INT area. Note the
double Ca rich band around the Na rich band that surrounds the core (arrow). Prefix of
crystal number is U.S.G.S. sample number.
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a

673-19a

200 µm

b

673-18

500 µm

Figure 14. BSE images of plagioclase from RD. (a) Medium crystal 19a has calcic
patches in the core. (b) Medium crystal 18 displays patchy calcic inner core surrounded
by a wide calcic zone followed by oscillatory zoning. These crystals represent the few
anomalously zoned plagioclase in RD. Prefix of crystal number is U.S.G.S. sample
number.
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Electron Microprobe Analysis
Overview
BSE images of plagioclase were used to determine which plagioclase zones
should be further investigated by EMP analysis. A total of 60 plagioclase crystals were
analyzed in spot analysis mode (the original 56 plus four small randomly chosen
microlites from the inclusion of WI-2) for a total of 171 spot analyses. Five of these were
also analyzed with 20–30 point core to rim traverses comprising 120 additional analyses
points. The elements analyzed with EMP important to this discussion are Fe, Mg, Ti, and
Anorthite (An) content. All EMP data are presented in Electronic Appendices D and E,
and representative data are presented in Table 8.
Compositional Comparison for All Samples
An content of plagioclase crystals in the postcaldera samples ranges from An35–
88;

most plagioclase in the andesites has An45–75 (Figure 15); a small number of crystals

within the rhyodacite also share this range. Bytownitic plagioclase is defined by core
An70-90. Because of the natural division at An75 for the postcaldera samples in my study,
I refer to Bytownitic crystals as those that have core An > 75. Bytownite of all sizes is
present in all of the andesites.
WI-1 plagioclase crystals exhibit the greatest range in core An, from 36 to 88, and
contain a bimodal plagioclase population: An > 82 and An < 69. Plagioclase crystals in
the Wizard Island inclusions also have a bimodal plagioclase population based on core
An (An45–60 and An70–86), as do plagioclase cores in CP (An69–81 and An46–66).
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TABLE 8. REPRESENTATIVE MAJOR ELEMENT OXIDE DATA
FROM EMP ANALYSIS OF PLAGIOCLASE
Sample &
Crystal #
WI-2
Inclusion
Microlite
Microlite
CP
185-11a C
185-11a R
185 23a C
185 23a R
WI-1
175 10a C
175 10a R
175-11a C
175-11a R
WI-2
Andesite
516-22 a C
516-22 a R
516-22b C
516-22b R
MC
1172-24c C
1172-24c R
1172-34a C
1172-34a R
RD
673-19 a C
673-19 a R
673-19b C
673-19b R

SiO2

Al2O3

FeO*

MgO

CaO

Na2O

K2O

An

Or

Ab

53.60
55.72

29.42
28.20

0.64
0.57

0.05
0.05

11.67
10.29

4.36
5.05

0.11
0.16

59.2
52.4

0.7
1.0

40.1
46.6

54.61
50.92
48.79
59.21

27.74
29.97
32.28
25.57

0.92
0.73
0.69
0.95

0.92
0.73
0.08
0.06

10.76
13.28
15.39
7.28

0.19
0.12
2.43
6.68

0.19
0.12
0.07
0.45

54.4
66.9
77.4
36.6

1.2
0.7
0.4
2.7

44.4
32.3
22.2
60.7

59.48
52.53
45.7
51.9

25.33
29.63
34.5
30.3

0.50
0.80
0.5
0.9

0.02
0.07
0.0
0.1

7.02
12.18
17.6
13.1

6.56
3.93
1.3
3.6

0.41
0.15
0.0
0.1

36.2
62.5
88.2
66.2

2.5
0.9
0.1
0.7

61.3
36.6
11.7
33.1

49.16
51.00
54.9
53.6

32.48
30.90
28.3
29.0

0.48
0.55
0.5
0.8

0.06
0.05
0.1
0.1

15.17
13.65
10.5
11.5

2.60
3.36
4.9
4.4

0.04
0.08
0.1
0.1

76.2
68.9
53.7
58.8

0.2
0.5
0.9
0.8

23.6
30.6
45.5
40.4

52.5
57.1
48.08
53.92

30.1
26.9
32.94
28.82

0.6
0.6
0.61
0.55

0.0
0.0
0.04
0.05

12.7
9.1
15.97
11.35

3.9
5.7
2.22
4.57

0.1
0.2
0.05
0.14

63.7
46.5
79.6
57.4

0.7
1.4
0.3
0.8

35.6
52.1
20.1
41.8

51.41
58.25
58.62
59.11

30.45
26.15
25.98
26.18

0.51
0.35
0.37
0.33

0.02
0.02
0.01
0.01

13.18
7.92
7.86
7.56

3.60
6.14
6.12
6.41

0.12
0.39
0.40
0.44

66.4
40.6
40.5
38.4

0.7
2.4
2.5
2.7

32.9
57.0
57.1
58.9

Oxides in wt %, An, Or, and Ab in mol %.
Abbreviations: C = core, R = rim.
Plagioclase with core An lower than <45 mol % is absent in CP and WI-2 but are present
in WI-1, CP and RD.
Unpublished data for plagioclase from an additional subaerial Wizard Island
andesite sample (80C-513) and additional Wizard Island inclusions (n = 6) was provided
by Charles Bacon; data from these samples are plotted with my samples for comparison
(Figure 15).
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Figure 15. An content of plagioclase cores and rims. Filled symbols represent cores;
open symbols represent rims. Additional data for plagioclase from subaerial Wizard
Island andesite (#80C-513), six Wizard Island inclusions, and RD provided by Charles
Bacon and is indicated with *. Within each sample, plagioclase is arranged by size: S,
small; M, medium; L, large. Microlites from WI-2 inclusion (red diamond) are plotted
with additional Wizard Island inclusions. Horizontal red dashed line delineates
Bytownitic (An 75–90) cores. Symbol size and black/grey variation used for clarity.
Figure 16 shows two trends when Fe is plotted against An: one trend is a general
positive correlation between Fe and An, the other is a negative correlation for the cores
and rims of some CP plagioclase and a few rims from WI-2. The most Fe rich
plagioclase crystals are the cores and rims of CP and the rims of WI-1 and WI-2. The
lowest Fe concentrations are in plagioclase crystals from RD and a few from WI-1.
When Mg (EMP data) is plotted against Fe (Figure 17), a general positive
correlation for all samples is seen. Plagioclase from CP and WI-2, from this study, along
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Figure 16. Fe vs. An of plagioclase. Abbreviations are the same as in text. Filled
symbols represent cores; open symbols represent rims. Vertical dashed red line is the
boundary for Bytownitic (> An75) plagioclase; some crystals have more than one data
point in core. Dashed lines show two trends: core to rim increase in An and Fe; core to
rim decrease An with increasing Fe.
with Wizard Island subaerial andesite and inclusions are the most enriched in Mg. Some
plagioclase from each of the postcaldera samples is relatively enriched in Fe (> 6000
ppm). All of the andesites have plagioclase crystals that are more Mg and Fe rich than
WI-2 microlites.
Central Platform
The An content in plagioclase is An37–81 (Figure 15). An averages with standard
deviation are subdivided by crystal size and zone in Table 9. Two plagioclase crystals
are characterized by Bytownitic cores (Figure 15): medium crystal 30a with An81 and

Mg (ppm)

80

Figure 17. All data for Mg vs. Fe (from EMP analyses) of plagioclase. Additional data
for Wizard Island andesite (#80C-513) and Wizard Island inclusions (n=6) plotted for
comparison (unpublished data from Charles Bacon).
small crystal 23a with An77. Most plagioclase are normally zoned; a few have minor (<
10 mol %) An increases in the INT. Two large plagioclase crystals are reversely zoned,
but only one displays a significant core to rim increase in An54–67 (Δ13 mol %).
Fe content is 3594–8108 ppm (Table 10). Most plagioclase exhibit a core to rim
increase in Fe with decreasing An (Figure 16). Most of the CP cores plot higher than the
cores from the other samples and generally plot with the rims of WI-1 and WI-2. Most
cores and all rims in CP have higher Fe contents than those of WI-2 microlites.

81

Sample
Name
WI-2
Inclusion

TABLE 9. AVERAGE An (mol %) AND STANDARD DEVIATION
FOR CORE, INTERMEDIATE, AND RIM OF PLAGIOCLASE
Sample
Crystal
Core An
Intermediate An
Rim An
Size
(mol
%)
(mol
%)
(mol
%)
SiO2
(wt %)
50.4
4 microlites
n/d
n/d
55.1 ± 3.1

CP

57.4

Large
Medium
Small
ALL

57.4 ± 4.2
65.7 ± 16.3
62.0 ± 10.0
62.4 ± 11.3

69.0 ± 4.3
57.6 ± 9.1
61.6 ± 7.6
61.4 ± 8.3

66.7 ± 0.4
57.3 ± 10.8
48.9 ± 9.3
54.9± 10.8

WI-1

59.3

Large
Medium
Small
ALL

58.4 ± 16.5
76.3 ± 12.4
60.7 ± 19.2
62.7 ± 16.8

56.7 ± 13.3
83.3 ± 0.3
71.9 ± 14.3
61.4 ± 8.3

58.7 ± 10.7
66.5 ± 3.9
62.6 ± 2.6
61.0 ± 8.8

WI-2
andesite

*60.2

Large
Medium
Small
ALL

67.6 ± 9.5
61.5 ± 12.3
59.1 ± 4.2
62.5 ± 10.0

55.2 ± (n/a)
66.6 ± 13.7
58.7 ± (n/a)
63.4 ± 10.9

56.3 ± 10.3
63.6 ± 7.0
54.6 ± 6.3
59.1 ± 8.2

MC

60.2

Large
Medium
Small
ALL

71.9 ± 10.6
57.2 ± 12.8
69.3 ± 7.0
67.3 ± 11.6

68.8 ± 9.1
49.5 ± 12.0
n/d
64.9± 12.1

61.2 ± 8.6
57.2 ± 6.8
60.6 ± 18.0
60.3 ± 10.4

RD

71.7

Large
Medium
Small
ALL

50.0 ± 14.3
41.9 ± 3.2
39.0 ± 2.1
43.8 ± 8.4

41.2 ± 4.4
43.6 ± 5.0
n/d
42.3 ± 4.3

40.3 ± 0.5
37.6 ± 1.9
38.5 ± 0.2
38.8 ±1.5

n/d = no data
n/a = only one analysis completed
*Whole rock proxy data from 80C-515 (unpublished data from Charles Bacon)

Sample
WI-2
Inclusion
CP

WI-1

WI-2
Andesite
MC

RD

*Fe
(ppm)
4445–5081

TABLE 10. SELECTED MINOR AND TRACE ELEMENT RANGES FOR PLAGIOCLASE
WITH AVERAGE AND STANDARD DEVIATION
*Mg
*Ti
Sr
Mg
Ti
Ba
Ce
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
280–307
161–253
1175–1349
543–854
324–521
274–399
19.03–40.03

La
(ppm)
9.71–16.32

4835 (±283)

295 (±14)

201(±47)

1262 (± 123)

699 (± 221)

428 (± 146)

337 (± 89)

30 (± 15)

13 (± 5)

3594–8108

363–730

160–729

753–1629

382–912

154–965

41–670

0.48 –18.71

0.48–5.85

6316 (±1100)

559 (±109)

402 (±161)

1297 (± 181)

806 (± 164)

463 (± 230)

182 (± 137)

4.64 (±3.42)

1.72 (±1.12)

2251–8483

86–573

145–702

941–2650

97–800

96–1599

32–637

1.49–15.82

0.67–8.05

4769 (±1515)

321 (±138)

264 (±111)

1372 (± 329)

413 (± 214)

251 (± 96)

219 (± 148)

5.90 (±3.51)

2.68 (±1.65)

3255–8023

164–976

151–537

1149–1738

262–712

149–692

43–365

1.57–12.02

0.73–4.62

4622 (± 1135)

376 (±189)

237 (±80)

1416 (±157)

496 (± 164)

283 (± 85)

163 (± 82)

4.35 (± 1.95)

2.08 (± 0.94)

2576–6077

87–736

129–348

1063–1970

155–896

138–685

43–345

1.71–14.27

0.67–5.14

4536 (±839)

356 (±147)

239 (±55)

1472 (± 199)

489 (±182)

284 (±134)

155 (± 86)

4.79 (±2.75)

2.13 (±1.08)

2327–3984

90–228

62–227

910–1451

127–388

94–268

263–781

6.02–28.81

2.74–10.58

2964 (±456)

140 (±45)

179 (±34)

1114 (±10)

211 (± 70)

154 (± 61)

500 (± 125)

12.31 (± 1.73)

6.15 (± 1.92)

Average with standard deviation reported below the range.
*EMP analyses. Anomalously high Mg and Ti from LA-ICP-MS analysis relative to EMP analyses are not reported.
Analytical uncertainty for EMP analyses up to 2%.
Analytical uncertainty for LA-ICP-MS analyses up to 13 %.
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Plagioclase crystals from CP are generally the most Fe rich relative to the other
postcaldera samples.
Mg content is 363–730 ppm Mg. Unlike WI-1 and MC, the CP has no
plagioclase with < ~350 ppm Mg (Figure 17).
Wizard Island-One
WI-1 has the greatest An range of the postcaldera samples (Figure 15); the range
is An36–88 (Δ52 mol %). An averages with standard deviation are subdivided by crystal
size and zone in Table 9. Both Bytownitic (An > 75) and low An (An < 45) cores are
present (Figure 15). Four crystals are characterized by Bytownitic cores with An 82–88
and are normally zoned to An66–69. Three crystals have low core An36–44 and are
reversely zoned to An 61–68.
The Fe content range is 2251–8483 ppm (Table 10). The rims of Plagioclase
crystals are more Fe rich than are the cores (Figure 16). Most cores contain
approximately the same or less Fe than do the microlites of WI-2 inclusion; most of the
rims contain more.
The range of Mg is 86–573 ppm. Plagioclase plots within two apparently distinct
ranges: one group has ~ 325-475 ppm Mg, and the other group has <243 ppm Mg 2
(Figure 17).
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Wizard Island-Two
Plagioclase crystals in the andesitic component of WI-2 have An45–An82 (Figure
15). The four microlites from the inclusion of WI-2 have a narrow range of An52–An59.
An averages with standard deviation are subdivided by crystal size and zone in Table 9.
Two plagioclase crystals have Bytownitic cores (Figure 15); three plagioclase
crystals have relatively with low An cores (<45). Reverse zoning is present in one large,
three medium, and one small plagioclase crystals. Of these, only two have a significant
core to rim increase (> 10 mol%); large crystal 26a has An49–66 (Δ17 mol %) and
medium crystal 18b has An47–61 (Δ14 mol %).
The Fe content in plagioclase from WI-2 andesite ranges from 3255–8023 ppm,
while the microlites in WI-2 inclusion have a lower range of 4445–5081 (Table 10). The
rims of plagioclase crystals are generally more Fe rich than the cores (Figure 16). Cores
display a scattered trend of Fe vs. An, particularly between An60-70. Rims increase in Fe
with decreasing An. Almost all of the cores contain less Fe, and most of the rims contain
more Fe than do the microlites of the WI-2 inclusion. Comparing the Fe content of
plagioclase from WI-2 to the rest of the samples (Figure 16), most cores generally plot in
the relatively lower Fe range (<5000 ppm) while most rims have moderate to higher Fe
(~5000-8000 ppm).
Mg content is 164-976 ppm and overlaps that of plagioclase from the other
postcaldera samples (Figure 17). The Mg content of the four microlites in the WI-2
inclusion ranges from 280–307 ppm and is lower than most plagioclase in the andesites.
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Most plagioclase from the other postcaldera inclusions is richer in Mg than is plagioclase
from WI-2 inclusion.
Merriam Cone
Plagioclase crystals have an An range of An39–85. An averages with standard
deviation are subdivided by crystal size and zone in Table 9. Four plagioclase crystals
are characterized by Bytownitic cores; another crystal has a relatively low An core
(Figure 15). All but one plagioclase are normally zoned.
The Fe content is 2576–6077 ppm (Table 10). The medium and one large
plagioclase exhibit core to rim increases in Fe. Small plagioclase crystals exhibit core to
rim decreases. Most cores and rims plot within the An-Fe range of the other postcaldera
andesites (Figure 16). Compared to the microlites of WI-2 inclusion, most cores and
some rims contain the about same Fe but much higher An.
The Mg content in plagioclase range is 87–736 ppm, and plagioclase plot within
the Mg range of other postcaldera samples (Figure 17). One plagioclase plots with RD.
Rhyodacite Dome
The An range is An36–66. An averages with standard deviation are subdivided by
crystal size and zone in Table 9. Almost all plagioclase crystals have low An cores (< An
45). One crystal is anomalous in that it has a relatively high core An66. All plagioclase
crystals have low An rims (Figure 15).
The Fe range is 2327–3984 ppm (Table 10); this is the narrowest Fe range of all
of the postcaldera samples. All plagioclase exhibit a core to rim decrease in Fe. All
plagioclase contain less Fe than the microlites of WI-2 inclusion (Figure 16).
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The Mg content is 90–228 ppm; this excludes seven data points that were below
detection with the EMP (Figure 17).
Compared to the rest of the samples, plagioclase crystals from RD have mostly
low An plagioclase, have less Fe than most plagioclase from the andesites, and cluster in
two apparently distinct groups in Mg vs. Fe space (Figure 17); one group of RD
plagioclase crystals plots with plagioclase from WI-1 and WI-2, while another group with
lower Mg plots with one crystal from WI-1 and from MC.

Laser Ablation Inductively Coupled Plasma
Mass Spectrometry
Overview
LA-ICP-MS analysis is able to quantify smaller abundances of trace elements
than EMP. This is due to a different method of element detection and the larger spot size
(40 µm) of the LA-ICP-MS analysis compared to the 3 µm spot size of EMP analysis.
The larger spot size of LA-ICP-MS laser may ablate minute mineral or glass inclusions or
groundmass. For some plagioclase analyses, differences between EMP and LA-ICP-MS
measured abundances of Mg and Ti are large enough to suspect incorporation of foreign
material. For these analyses, I used the EMP determined upper limit of Mg and Ti and
considered Mg and Ti analyses drastically above that range suspect; therefore these data
are not reported in Table 10, nor are they graphed in any figures. However, they are
reported in the Electronic Appendices C and E.
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A list of elements analyzed by LA-ICP-MS is given in the Methods section;
selected trace elements to be discussed are Sr, Ti, Mg, Ba, La, and Ce. Data for all
analyzed trace elements are located in Electronic Appendices C and E, and representative
analyses are in Table 11. Uncertainty for LA-ICP-MS trace element data is up to 13%;
for Sr, Ti, Mg, Ba and La, the relative uncertainty ranges from 1% for Sr to 13 % for Ti.
Comparison of Trace Element Signatures for All Samples
Comparing Mg content of plagioclase in the postcaldera samples (Figure 18),
plagioclase cores and most rims from CP are the most Mg rich (700–1000 ppm),
followed by WI-2 (500–700 ppm) and a subset of WI-1 (575–625 ppm). The majority of
WI-1 cores have ~ 125–350 ppm Mg. MC cores span the Mg range of the lowest RD and
the highest WI-2 (~ 155–675 ppm Mg). Plagioclase rims in the andesites are generally
more Mg rich than the cores (~450–950 ppm). Large cores of plagioclase from the
postcaldera samples have < 650 ppm Mg ; cores with > 600 ppm Mg are mostly small
and medium (Figure18b). Most cores of plagioclase in the andesites have a Ti ranges of
~100–400 ppm (Figure 18a). Three cores and four rims from CP have Ti > 400 ppm.
From in situ chemical analysis of plagioclase in the pre-climactic rhyodacite and
the climactic eruption, Druitt and Bacon identified two distinct populations of plagioclase
based on trace element content simply represented by a twofold difference in Sr content
(Bacon & Druitt, 1988; Druitt & Bacon, 1988, 1989). High strontium (HSr) plagioclase
has Sr abundances between 2000–4000 ppm Sr; low strontium (LSr) plagioclase has Sr
abundances < 2000 ppm Sr. Of the 56 plagioclase crystals in this study, all but one (with
two core data points) plot in the LSr field between 700 and 2000

Sample
Crystal #
An
(mol %)
Conc.
(ppm)
Li
Mg-24
Mg-25
Si
Ca
Sc
Ti
Cu
Zn
Sr-86
Sr-88
Y
Zr
Ba
La
Ce
Pr
Nd
Sm
Eu
Pb

CP
185_11a

CP
185_11a

TABLE 11. REPRESENTATIVE TRACE ELEMENT DATA
FROM LA-ICP-MS ANALYSIS
OF PLAGIOCLASE
CP
CP
WI-1
WI-1
WI-1
185-23a
185-23a
175-10a
175-10a
175-11a

WI-1
175-11a

WI-2
516-22a

WI-2
516-22a

59

50

77

37

36

63

88

66

77

69

14.89
974.39
1026.19
282511.79
84135.93
1.50
407.71
20.49
11.76
1451.41
1493.59
0.14
–
137.90
1.25
2.52
0.31
0.57
–
0.35
3.00

14.10
995.85
979.83
300710.22
70683.25
1.98
1029.61
7.42
9.86
1194.04
1215.88
0.52
7.18
219.41
2.30
7.19
0.60
1.13
0.53
0.64
2.21

9.91
812.98
849.50
253828.39
109967.84
1.98
272.06
12.01
5.61
1319.82
1374.25
0.22
1.83
50.74
0.79
2.89
0.14
0.85
0.19
0.26
0.55

5.24
382.49
372.18
151150.05
52025.44
1.07
159.76
2.00
3.93
753.94
770.04
0.07
0.13
51.18
0.48
1.05
0.12
0.25
–
0.16
0.54

13.16
235.92
258.47
268296.36
50152.94
1.81
174.38
6.16
11.25
941.04
950.67
0.22
0.28
352.81
3.79
7.20
0.60
1.87
0.14
1.03
4.48

22.40
439.40
487.68
467496.83
87044.74
2.66
279.87
11.56
12.09
1677.72
1719.25
0.39
–
637.48
8.05
15.02
0.93
3.77
0.37
1.83
7.20

6.50
315.05
309.76
262980.84
125595.34
1.49
96.28
1.91
4.27
1260.21
1278.19
0.19
–
64.56
0.82
2.40
0.20
0.69
–
0.45
2.77

4.25
446.77
484.91
206644.04
93272.58
1.58
104.21
1.52
3.66
1135.91
1156.84
0.05
0.45
32.38
0.70
1.61
0.10
0.36
–
0.15
0.61

8.01
543.40
516.49
251907.97
108983.70
2.57
152.55
145.58
112.00
1300.77
1317.81
0.14
0.38
43.47
0.80
1.68
0.18
0.63
0.04
0.22
40.13

11.11
460.72
438.68
262538.08
97565.04
2.91
174.40
6.17
5.60
1380.75
1405.01
0.06
–
60.40
0.84
1.78
0.19
0.48
0.19
0.27
1.50

Analytical uncertainty up to 13%
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Sample
Crystal #
Area
An
(mol %)
Conc.
(ppm)
Li
Mg-24
Mg-25
Si
Ca
Sc
Ti
Cu
Zn
Sr-86
Sr-88
Y
Zr
Ba
La
Ce
Pr
Nd
Sm
Eu

WI-2
516-22b
Core

WI-2
516-22b
Rim

MC
1172-24c
Core

TABLE 11. (continued)
MC
MC
MC
1172-24c
1172-34a
1172-34a
Rim
Core
Rim

RD
673-19a
Core

RD
673-19a
Rim

RD
673-19b
Core

RD
673-19b
Rim

54

59

64

47

71

57

66

41

40

38

14.26
442.02
453.05
263960.04
74814.18
2.31
305.87
2.52
7.45
1257.40
1297.55
0.15
–
166.54
2.11
4.50
0.42
0.94
0.05
0.85

10.57
562.47
550.73
251189.83
82281.30
2.12
278.40
10.64
7.25
1337.11
1359.40
0.15
0.27
135.25
1.88
4.07
0.38
1.58
0.14
0.76

17.75
430.34
468.36
340552.34
90418.10
3.34
349.78
11.96
10.96
1969.85
1954.79
0.14
–
293.43
3.28
7.56
0.58
1.91

13.06
1541.57
1716.11
296155.40
65328.04
3.17
510.68
14.92
13.10
1387.14
1380.67
0.96
6.80
354.98
3.76
10.03
0.86
3.35
0.79
1.10

20.53
326.26
377.83
232985.40
100934.82
1.93
150.78
11.11
3.83
1217.65
1201.41
0.13
–
56.28
1.02
2.55
0.27
0.64

14.45
451.56
470.23
268836.67
81099.20
2.63
264.66
9.88
9.02
1667.42
1706.87
0.17
0.13
183.48
2.82
5.71
0.36
1.52
0.28
0.89

47.63
388.64
386.32
365733.00
94171.67
1.50
268.11
–
11.06
1306.00
1298.58
5.65
0.28
321.56
6.66
19.87
1.87
9.02
1.94
1.45

40.15
706.39
773.56
451824.24
56613.06
4.14
768.94
14.46
20.88
1007.11
997.39
6.65
49.04
573.13
10.58
28.81
2.68
7.91
0.92
1.15

26.26
144.82
169.25
356043.82
56154.23
1.92
107.70
2.93
9.32
1128.76
1133.91
0.26
0.34
581.43
7.07
14.36
0.89
2.76
0.09
1.37

27.66
154.91
175.31
312157.54
54027.30
1.78
110.34
4.49
7.31
1039.27
1033.93
0.19

1.12

0.41

528.42
6.17
13.13
0.86
1.74
0.12
1.29

Analytical uncertainty up to 13%
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Figure 18. Ti vs. Mg from LA-ICP-MS data for plagioclase by sample (a) and by size
(b). Abbreviations are the same as in the text. (a) By sample; filled symbols are cores,
open symbols are rims. (b) All samples by size; filled symbols are cores, open symbols
are rims. Some small and medium crystals are enriched in Mg (> 650 ppm).
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Figure 19. Sr vs. An for plagioclase in the postcaldera samples. Abbreviations are the
same as in the text. Dashed vertical line is the boundary for Bytownitic plagioclase (>
An75); dashed horizontal line delineates HSr (> 2000 ppm Sr) and LSr (< 2000 ppm Sr)
plagioclase (defined from Druitt and Bacon, 1989). Fields drawn with dashed lines are
approximate location of data from plagioclase in scoria from the climactic eruption;
field locations and interpretation are from Druitt and Bacon, 1989. Almost all (55 out
of 56) plagioclase from the postcaldera samples are LSr plagioclase. Two HSr data
points are from core of one crystal.

ppm Sr (Figure 19). Plagioclase in WI-1 has the greatest range of Sr (941–2650 ppm),
whereas plagioclase crystals in the other andesites have a relatively restricted range
(1056–1737 ppm). Plagioclase from RD is mostly Sr poor (<1,300 ppm Sr); three cores
from WI-1 share the same Sr range of RD plagioclase (Figure 19). In all andesites, cores
of small and medium plagioclase crystals have the same and often more Sr than do the
large crystals (Figure 20). For example, small cores in CP and WI-2 contain more Sr

A

B

C

D

E

Figure 20. Sr vs. An for plagioclase cores. Abbreviations same as in text. Red dashed
line defines Bytownite crystals. WI-1 crystal 07 (An53, Sr 2650 ppm) omitted.
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(> 1550 ppm) than the almost all of the large plagioclase. Plagioclase cores in RD have a
narrow range of Sr (1075–1306 ppm).
Figure 21 illustrates the trends of Ba, Ce, and La vs. An. Although there is
scatter, as anticipated, there is a general correlation of increasing elemental abundance
with decreasing An content. The cores and most rims of plagioclase in the andesites are
generally depleted in incompatible trace elements (< 400 ppm Ba, < 10 ppm Ce, and < 5
ppm La) whereas plagioclase in the RD generally has the highest (> 400 ppm Ba, >10
ppm Ce, and > 5 ppm La). Some plagioclase from RD consistently plots with those from
the andesites.
Central Platform
The Sr content in plagioclase ranges from 753–1629 ppm (Table 10). Plagioclase
cores from CP generally share the same compositional range as cores from the other
andesites (Figure 19). One rim from CP has ~ 750 ppm Sr, which is the lowest Sr of all
plagioclase. All of the small and most of the medium plagioclase cores are enriched in
Sr relative to the cores of large plagioclase (Figure 20).
Large crystals exhibit a core to rim increase in Sr. Medium crystals exhibit a core
to rim decrease, with an increase in Sr from the core to INT. Small crystals exhibit both
core to rim increases and decreases in Sr.
The Mg range is 382–912 ppm (Table 10). Plagioclase in CP is enriched in Mg
relative to the other samples (Figure 18). Most cores contain > 800 ppm Mg.
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Figure 21. Ba, Ce, and La vs. An in cores and rims of plagioclase. Filled symbols are
cores; open symbols are rims. X-axis (An mol 5) and symbols are the same for all
graphs. Red dashed line delineates Bytownite (An > 75) crystals. One microlite from
WI-2 inclusion with 40 ppm Ce and 16 ppm La is not plotted.
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The Ti range is 154–965 ppm. Most CP plagioclase cores plot within the range of
the other andesite (Figure 18); an exception is one CP core with ~ 675 ppm Ti. Two rims
are enriched in Ti relative to the other samples and have Ti > 775 ppm.
Ba, Ce, and La contents in most plagioclase from CP plot within the same range
as plagioclase from the other andesite (Figure 21); the exceptions are a core and a few
rims, which are depleted in Ba, Ce, and La relative to the other andesite.
Wizard Island-One
Sr range is 941–2650 ppm; this is the greatest range for all of the postcaldera
samples (Table 10). One HSr crystal is present with core Sr of 2650 and 2275 ppm
(Figure 19). Most cores and rims overlap the compositional range of the other andesites.
In general, small plagioclase exhibit core to rim increase in Sr, medium crystals exhibit
core to rim decrease, and large crystals exhibit both core to rim increase and decrease.
Cores of medium and some small plagioclase have more Sr than most large cores (Figure
20).
Mg range is 97–800 ppm. Plagioclase crystals from WI-1 share the compositional
range of the other andesites (Figure 18); however, two apparent groupings are apparent.
One group of plagioclase has 126–186 ppm Mg, while the other group has 585–625 ppm
Mg. The same general apparent groupings based on Mg are seen in the EMP data (Figure
17). The cores of the medium and most of the small plagioclase is enriched in Mg
relative to large plagioclase.
The Ti range is 96–1599 ppm. Plagioclase in WI-1 shares the same compositional
range of the other andesites (Figure 18a).
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Plagioclase crystals from WI-1 generally overlap the same compositional range as
plagioclase from the other andesites. A few cores and a rim are anomalously enriched in
Ba (> 350 ppm) and plot with the rhyodacite (Figure 21a). Three rims are higher than
most andesite rims in Ce and La and also plot with plagioclase from RD (Figure 21 b and
d).
Wizard Island-Two
Plagioclase in the andesitic host of WI-2 has a Sr range of 1149–1738 ppm (Table
10). Two microlites from WI-2 inclusion contain 1175 and 1349 ppm Sr. (Figure 19). In
general, cores of small plagioclase contain the most Sr (1551–1737 ppm), whereas some
medium cores contain the least (1149–1515 ppm); large cores overlap both ranges
(Figure 20). Most small plagioclase crystals exhibit a core to rim or core to INT decrease
in Sr. Some medium and most large crystals exhibit a core to rim increase in Sr.
The Mg range is 262–855 ppm. Plagioclase cores from WI-2 have a narrower
range than WI-1 and MC, and less than cores of CP (Figure 18a). One microlite from
WI-2 inclusion is enriched in Mg (854 ppm) and plots with the cores of CP; the other
plots within the compositional range of the other andesites.
The Ti range is 149–692 ppm. Most cores and rims share same compositional
range with the exception of one core and two rims with > 500 ppm Ti (Figure 18a). Most
small and some medium cores have more Ti than the large cores. Rims of all small
plagioclase and some medium contain more Ti than large. Microlites in WI-2 inclusion
contain 324–521 ppm Ti; one is within the range of the other andesites, the other is
enriched Ti (Figure 18b).
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The incompatible trace elements of Ba, Ce and La in the cores and rims of
plagioclase of WI-2 generally overlap the compositional range of the other andesites with
the exception of some rims that are slightly enriched in these elements (Figure 21). The
microlites of WI-2 inclusion are enriched in Ba, Ce and La relative to the other andesites,
and even compared with the rhyodacite.
Merriam Cone
The Sr range is 1063–1970 ppm (Table 10). One small and one medium core
have relatively high Sr (1970 ppm and 1945 ppm Sr, respectively) (Figure 19). In
general, most plagioclase exhibits core to rim decreases in Sr with most rims converging
at 1348–1387 ppm Sr. Two plagioclase crystals exhibit core to rim increases in Sr. The
cores of small and medium plagioclase share the same Sr range as the large (Figure 20).
The Mg range is 155–896 ppm; the lower limit of Mg is the same as the lower
limit of plagioclase in RD (Figure 18).
The Ti range is 138–685 ppm and lies within the RD and other andesites except
CP (Figure 18) which is higher for some cores and rims.
Plagioclase in MC generally plots with the other andesites in Ba, La, and Ce
(Figure 21), with the exception of one core that is relatively enriched in these elements
and plot with RD.
Rhyodacite Dome
Sr range is 910–1451 ppm (Table 10). Some cores from all the andesites also
share this relatively low Sr range (Figure 19). Sr decreases from core to rim in all RD
plagioclase. Small and medium crystals plot slightly below the large (Figure 20).
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The Mg range is 127–388 ppm and is lower than most of the plagioclase in the
andesites. Some RD plagioclase crystals contain as much Mg as a group of plagioclase
from WI-1, W-2 and MC (Figure 18a). Small and medium plagioclase crystals share the
compositional range of the large crystals.
Ti range is 94–268 ppm. At least some plagioclase from all of the andesites
shares the Ti compositional range of RD (Figure 18a). Small and medium plagioclase
crystals share the compositional range of the large crystals.
RD plagioclase generally has relatively higher Ba, Ce, and La abundances than
those of the andesites. However, a few plagioclase crystals are consistently depleted plot
with plagioclase from the andesites.

Multi-Collector, Laser Ablation Inductively Coupled
Plasma Mass Spectrometry
Overview
87

86

MC-LA–ICP-MS was used to quantify the Sr/ Sr in 40 plagioclase crystals. A
total of 59 analyses were successfully performed for an average of 13–15 plagioclase
crystals from each of the andesites and seven plagioclase crystals from RD. Data from
the Sr isotope analyses are presented in Table 12.
MC-LA–ICP-MS analysis requires the largest laser beam size (~ 80 um) of all the
in situ analysis techniques. Because of the relatively large size of the laser trough, the
smaller crystals that were analyzed are characterized by a single analysis rather than core
and rim. Microlites of WI-2 inclusion were precluded from

87

86

Sr/ Sr analysis because
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TABLE 12. Sr/ Sr OF PLAGIOCLASE
CP
Crystal
185-01a
185-01a
185-04a
185-04b
185-05
185-05
185-05
185-11a
185-11b
185-23a
185-23a
185-30a
185-30a

Area
core
rim
core
core
core
int
rim
core
core
core
rim
core
int

Crystal
175-01a
175-01a
175-05
175-07a
175-07a
175-09a
175-09a
175-09a
175-09b
175-10a
175-11a
175-11c

Area
core
rim
core
core
rim
core
Int
rim
core
core
core
core

WI-1

87

Sr/86Sr
0.70337
0.70340
0.70338
0.70302
0.70336
0.70329
0.70316
0.70321
0.70337
0.70314
0.70332
0.70323
0.70299

Crystal
1172-07a
1172-07a
1172-10a
1172-10a
1172-10a
1172-10a
1172-26
1172-26
1172-26
1172-24a
1172-24a
1172-24a
1172-34a
1172-34a
1172-34a
1172-34b

MC
Area
core
rim
core
int-1
out rim
int-2
core
Int 1
out rim
core
Int
rim
core
int
rim
whole xtal

87

Crystal
673-101a
673-12a
673-18c
673-18c
673-18c
673-19a
673-19a

Area
core
core
core
int
rim
core
rim

Sr/86Sr
0.70355
0.70359
0.70360
0.70335
0.70324
0.70363
0.70359
0.70369
0.70371
0.70358
0.70332
0.70328

RD

87

Sr/86Sr
0.70336
0.70324
0.70342
0.70345
0.70329
0.70341
0.70343
0.70376
0.70357
0.70348
0.70327
0.70340
0.70345
0.70348
0.70357
0.70352
87

Sr/86Sr
0.70363
0.70338
0.70354
0.70348
0.70348
0.70339
0.70341

WI-2
Crystal
516-14a
516-14a
516-14b
516-14c
516-14d
516-18a
516-18a
516-18b
516-21a
516-21a
516-22a

Area
core
rim
core
core
core
core
rim
core
core
rim
core

87

Sr/86Sr
0.70322
0.70323
0.70340
0.70328
0.70337
0.70337
0.70329
0.70333
0.70327
0.70327
0.70324

*2σ standard error is 6x10-5 for all analyses
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Figure 22. Sr/ Sr for core, INT and rim of plagioclase. Abbreviations are the same as
87
86
in text. Error bars are approximate uncertainty. Whole rock Sr/ Sr range of the
climactic eruption products (from Bacon et al., 1994) is shown by vertical lines (upper
right). The granitoid range (GR) is 0.70364–0.70382; the high Sr scoria (HSr s) range is
0.70337–0.70375; the low Sr scoria (LSr s) range is 0.70362–0.70370; the olivine +
pyroxene bearing scoria (OP s) range is 0.70348–0.70355. Vertical line delineates
87
86
Bytownitic (>An75) plagioclase. The common range of Sr/ Sr in plagioclase from the
postcaldera samples is shaded light blue.
of their size. The uncertainty for all analyses is no greater than 0.00006 (Figure 22).
87

The

87

86

Sr/ Sr Comparison for All Samples

86

Sr/ Sr range of plagioclase in the postcaldera samples is 0.70299–0.70371

(Δ~ 0.00072). Plagioclase from CP and WI-2 has the lowest

87

plagioclase from WI-1 and RD (Figure 22). A common range of
is defined between 0.70320–0.70340 (Figure 23).

86

Sr/ Sr; the highest is in
87

86

Sr/ Sr in plagioclase
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Figure 23. Sr/ Sr for plagioclase core, INT, and rim by size. S = small, M = medium,
87
86
and L = large. Whole rock (WR) Sr/ Sr of the postcaldera samples are plotted for
reference (symbol = star). Sample RD and MC have corresponding WR data. Proxy WR
data for WI-2 is from andesite of the same flow (#80C-516), proxy WR data for CP
comes from another sample from the central platform, and proxy WR data for WI-1
comes from another Wizard Island sample (unpublished data provided by Charles
Bacon). WR ranges of the climactic eruption products (arrows in upper left of graph) is
87
86
defined in Figure 22. WR Sr/ Sr for the common range of plagioclase is shaded light
blue. Variation of symbol size used for clarity.
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Central Platform
The

87

86

Sr/ Sr range for eight plagioclase is 0.70299–0.70340 (Δ 0.00041). The

cores of two small plagioclase crystals have the lowest core

87

86

Sr/ Sr of all of the

postcaldera samples (Figure 23). Rims of a medium and a large plagioclase are two of
the three least radiogenic rims of all of the samples (0.70299 and 0.70316, respectively).
Wizard Island-One
The

87

86

Sr/ Sr range for ten plagioclase is 0.70324–0.70371 (Δ 0.00047) (Figure

22); this is the greatest range of all of the postcaldera samples. A group of WI-1
87

86

plagioclase crystals have more radiogenic Sr/ Sr than the rest of the andesite and plot
with the more radiogenic plagioclase in RD (Figure 23).
Wizard Island-Two
The

87

86

Sr/ Sr range for 12 plagioclase is 0.70302–0.70340 (Δ 0.00038) (Figure

22). With the exception of the rim of a medium crystal, all of the plagioclase have a
narrow range of 0.70320–0.70340 (Figure 23).
Merriam Cone
The

87

86

Sr/ Sr range for six plagioclase is 0.70324–0.70357 (Δ 0.00033). The core
87

86

of one large crystal has relatively low Sr/ Sr. Most crystals plot at or above 0.70340,
with several of these plotting with some RD and WI-1 crystals (Figure 23).
Rhyodacite Dome
The
23).

87

86

87

86

Sr/ Sr range for four plagioclase is 0.70338–0.70363 (Δ 0.00025) (Figure

Sr/ Sr remains within uncertainty from core to rim for all of the RD crystals.
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CHAPTER V
DISCUSSION
Overview
Plagioclase textural and in situ compositional data of postcaldera samples from
Crater Lake provide evidence for the existence of distinct plagioclase crystal populations
at the time of each eruption. Five distinct crystal populations have been defined based on
87

86

the degree of textural complexity, An and trace element content, and Sr/ Sr
characteristics. By incorporating data from Mazama pre-climactic and climactic
eruptions, an understanding of the structure of the magma plumbing system associated
with the postcaldera phase of eruption emerges, and a hypothesis that elucidates the
processes that lead to the formation of the associated magmas is presented. Plagioclase
crystals in postcaldera rocks represent antecrystic (old crystals) and phenocrystic (new
crystals) that aggregated from the processes of magma recharge, assimilation of crustal
material, and fractional crystallization.
I will define the crystal populations in the postcaldera samples; interpret an origin
for each population; and discuss each of the samples in terms of their crystal populations
and the magmatic processes that occurred to produce the postcaldera andesite and
rhyodacite. All of the andesite experienced mixing with new magma ± assimilation. The
rhyodacite formed by fractional crystallization of postcaldera andesite with assimilation
of granitoid wall rock. I will then discuss a model that describes the evolution of the
postcaldera magma chamber.
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Definition and Origin of Distinct Plagioclase
Populations in Postcaldera Rocks
Bacon and Druitt (1989) documented and defined HSr (≥ 2000 ppm Sr) and LSr
plagioclase in the climactic rhyodacite and ring-vent scoria; all but one plagioclase
crystal in the postcaldera samples studied is of the LSr type (Figure 19). Within the LSr
plagioclase, I have identified distinct plagioclase populations in the postcaldera andesite
87

86

and rhyodacite based on Sr/ Sr. and major, minor, and trace element data. Textural
observations were also critical in distinguishing between antecrysts and phenocrysts. As
explained in the Background section, the distinction between antecrysts and phenocryst is
that phenocrysts are crystals that nucleate and grow in the magma they are erupted in;
antecrysts are crystals that are from the same magmatic system, but originate in a
previous magmatic environment (Charlier et al., 2004; Bacon & Lowenstern, 2005,
Davidson et al., 2007). Distinct plagioclase populations, which include LSr antecrysts,
granitoid antecrysts, Bytownite antecrysts, basalt phenocrysts, and andesite phenocrysts,
are defined below. A summary of their defining characteristics is presented in Table 13.
The single HSr crystal is recognized but not considered a distinct population because
there is only one out of the 56+ crystals analyzed in this study.
LSr Antecrysts
Plagioclase in the LSr antecryst population is mostly large, sometimes medium,
crystals with extensive and often pervasive disequilibrium textures such as patchy zoning,
sieve textures, and voids that indicate total dissolution of a distinct area of the crystal
87

86

(e.g., Figure 13). They have Sr/ Sr between ~0.70320 and 0.70340. Because all of the

Plagioclase
Type
LSr
antecrysts

Dominant
Textural
Type
Patchy
Sieved

Granitoid
antecrysts

TABLE 13. SUMMARY OF PLAGIOCLASE POPULATIONS
IDENTIFIED IN THIS STUDY WITH Sr ISOTOPE RATIOS
AND CORE DATA FOR SELECTED ELEMENTS
87
Sr/86Sr An Content
Fe
Sr
Ba
La
Ce
(mol %)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)

Interpretation

0.703210.70340*

49-68

32556414

11151506

75-340

1.20-2.39

2.34-6.45

LSr xtal mush of climactic
chamber

Monotonous
Oscillatory

0.70355

< 51

26163872

9411304

225-498

2.63-4.91

5.35-9.78

Disaggregated granitoid wall
rock

Bytownite
antecrysts

Patchy
Sieved

0.703220.70345

77-81

34645202

12181946

56-134

1.02-2.46

1.93-6.30

LSr xtal mush of climactic
chamber

Basalt
phenocrysts

Monotonous
Oscillatory

0.703140.70324

71-85

33595349

13011759

43-77

0.79-2.07

1.68-3.21

New magma

Andesite
phenocryst

Monotonous
Oscillatory

0.703020.70337

52-69

36977784

11941645

101-446

0.98-5.85

2.33-18.71

New magma

* crystal 1172-24a has 87Sr/86Sr data for two core analyses: unresorbed area has 0.70348, while the resorbed area has 0.70327
Abbreviation: xtal = crystal
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andesites have some plagioclase within this range of 0.70320 and 0.70340 (Figure 23), I
refer to this range as the common Sr isotope range for the purpose of this discussion.
(Note: not all crystals in the common Sr isotope range are LSr antecrysts.)
Druitt and Bacon (1989) point out that LSr plagioclase in the LSr scoria of the
climactic eruption display highly developed disequilibrium textures and considered these
textures characteristic of LSr plagioclase in the scoria. The An content of plagioclase in
climactic LSr scoria is An 47–82, and all are normally zoned. The postcaldera population
of corroded antecrysts in the common isotope range will hereafter be referred to as LSr
antecrysts. I interpret the origin of this plagioclase population as being LSr crystal mush
of the climactic magma chamber identified by Druitt and Bacon (1989) because are all
LSr plagioclase, and they characteristically exhibit disequilibrium textures as noted
above.
Granitoid Antecrysts
87

86

A second population of plagioclase distinguished by radiogenic Sr/ Sr >
0.70355 is granitoid antecrysts (Figure 22), which have core An values generally < ~ An
50, and Sr, Ti and Mg concentrations that are lower than, and incompatible trace element
concentrations that are generally higher than, other plagioclase populations (Table 13).
These crystals display either monotonous or complex oscillatory zoning and have
rounded and irregular boundaries; extensive disequilibrium textures are generally absent.
Based on the relatively radiogenic Sr isotope signatures, evolved An, and relatively high
trace element characteristics, I interpret these crystals as antecrysts from the granitoid
wall rock.
132
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Bytownite Antecrysts
A third population of plagioclase, Bytownite antecrysts, is identified in the
postcaldera samples and is defined by An ≥ 75 (Figure 15); they are usually large,
sometimes medium, subhedral to euhedral, and display patchy and sieved disequilibrium
textures. Bytownite plagioclase has

87

86

Sr/ Sr within uncertainty of the common

87

86

Sr/ Sr

range (Figure 22). The cores have the same or lower incompatible trace element
concentration as other plagioclase (Figure 21). Their high An and relatively low
87

86

Sr/ Sr, coupled with their general enrichment in Sr, Mg, and Fe (Table 13) indicate

they crystallized in a mafic magma.
Druitt and Bacon (1988, 1989) identified euhedral to anhedral Bytownitic
plagioclase with either LSr or HSr cores zoned to HSr rims in the climactic HSr scoria. In
mafic scoria, Bytownitic plagioclase has An76–86 and are normally zoned with thin
euhedral overgrowth rims of An58-62. They note that their presence indicates that basalt
magma entered the chamber at some stage (Druitt & Bacon, 1988).
I propose the origin of the Bytownite antecryst population in the postcaldera
samples is the mafic crystal mush of the climactic magma chamber. Most Bytownite
antecrysts in the postcaldera samples have rims zoned to An 55-70 and 1060-1670 ppm
Sr; I interpret these LSr rims as evidence that they were mixed with a LSr liquid;
evidence for this has not previously been reported in the climactic mafic scoria.
The Bytownite antecrysts in the climactic mafic scoria were zoned to HSr rims,
indicating that the last melt they were in contact with was of HSr origin (Druitt & Bacon,
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1989). The Bytownite antecrysts in the postcaldera rocks are zoned to LSr rims,
indicating that the last melt they were in contact with was of LSr origin.
Bytownite (Basalt) Phenocrysts
This population is made up of small to medium, subhedral to euhedral
plagioclase. They are enriched in Sr and depleted in incompatible trace elements
compared to cores of andesite phenocrysts and granitoid antecrysts (Table 13). Two
Bytownitic phenocrysts with
common

87

87

86

Sr/ Sr data place them in (or within uncertainty of) the

86

Sr/ Sr range (Figure 22). Based on the distinctive lack of disequilibrium

textural features and their generally small or medium size, these crystals are interpreted to
be a distinct category, called the Bytownite phenocyrsts, and their origin is from
crystallization in new basalt magma; hereafter they will be referred to as basalt
phenocrysts.
Andesite Phenocrysts
A fifth population of plagioclase is andesite phenocrysts. These are small to
medium, euhedral to subhedral, and lack corrosion or extensive disequilibrium textures.
Those that were analyzed for
87

87

86

Sr/ Sr have core and/or rim

87

86

Sr/ Sr below the common

86

Sr/ Sr range but an intermediate An range of 52-69 mol % (Figure 22). Because of

their small size and lack of disequilibrium textures, and because their

87

86

Sr/ Sr is lower

than the other plagioclase, I interpret the origin of these phenocrysts as new LSr andesite;
hereafter they will be referred to as andesite phenocrysts.
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Inferences about Magmatic Processes from
Plagioclase Crystal Populations
Magmatic processes responsible for forming these distinct plagioclase populations
include magma mixing, assimilation of wall rock, and fractional crystallization, all of
which are documented in these plagioclase populations.
As described in the Background Section, the order of the postcaldera andesite
eruptions appears to be simultaneous for subaqueous Wizard Island and the central
platform, and for subaerial Wizard Island and Merriam Cone. It is uncertain whether the
subaerial Wizard Island or Merriam Cone were the last andesite to erupt; it is certain that
subaerially erupted WI-2 came after subaqueously erupted WI-1. Therefore these two
Wizard Island samples will be discussed separately. Below, I summarize the plagioclase
populations present in the postcaldera eruptions and discuss the magmatic processes that
are likely responsible for growth of these populations. I report on the central platform
first because it is the most mafic postcaldera andesite of my samples.
Central Platform
The plagioclase populations in the Central Platform sample consist of LSr
antecrysts, Bytownite antecrysts, basalt phenocrysts, and andesite phenocrysts (Table 14).
Plagioclase cores have three distinct

87

86

Sr/ Sr compositions (Figure 24a). This

population of isotopically diverse crystals that have distinctly different origins as
proposed above likely aggregated due to magma mixing. LSr antecrysts in the common
87

86

Sr/ Sr range mixed with andesite phenocrysts from a lesser radiogenic magma as

indicated by

87

86

Sr/ Sr < 0.70310; this suggests that LSr antecrystic mush was intruded by
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Sample
CP

WI-1
WI-2

MC

RD

TABLE 14. SUMMARY OF PLAGIOCLASE POPULATIONS
IN THE POSTCALDERA SAMPLES
Granitoid LSr
Bytownite Basalt
Andesite
Interpretation
antecrysts antecrysts
antecrysts phenophenocrysts
crysts
X
X
X
X
New LSr magma
with
87 86
low Sr/ Sr
X
X
X
X
X
Assimilation of wall
rock
& new magma
X
X
X
X
New mafic magma
with
87 86
low Sr/ Sr
X
X
X
X
X
Assimilation of wall
rock
& new magma
X

From
postcaldera
andesite

X

Fractional
crystallization from
postcaldera andesite
and assimilation of
wall rock

and mixed with new LSr magma. LSr antecrysts are also mixed with Bytownitic (basalt)
phenocrysts and antecrysts. I interpret the basalt phenocrysts to represent new basalt
magma with

87

86

Sr/ Sr in the common range (Figure 24-a). Additional evidence for

magma mixing is rim enrichment in Fe (Figure 25) and core to rim increases in Sr and Fe
with concurrent increase in Mg for at least some plagioclase (Figure 26). Further
evidence for mixing with new magma is the small and some medium plagioclase is
enriched in Sr and An relative to larger crystals (Figure 20). Trace element data indicate
that some rims are especially depleted in incompatible elements such as Ba, Ce and La at
An35–55 relative to some of their cores, and more depleted in these elements than WI-1
and WI-2 at the same An (Figure 21); this also indicates magma replenishment with a
less evolved magma during rim growth.
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a

b

87

86

Figure 24. Sr/ Sr vs. An of plagioclase from (a) the central platform and (b) Wizard
87
86
87
86
Island (WI-1). The common Sr/ Sr range is shaded blue. Whole rock Sr/ Sr ranges
for the climactic eruption products are defined in Figure 22.
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A

B

Figure 25. Fe vs. An for plagioclase core and rim for CP (A) and WI-1 (B). Color of
symbol denotes crystal size. Filled circles represent cores, open circles represent rims;
arrow connects cores and rims. Vertical dashed line is boundary for Bytownitic (> An75)
plagioclase. Microlites from WI-2 inclusion are plotted for reference. Star symbol (A) is
INT (no rim data for crystal).

A
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B

C

Figure 26. Delta (Rim – core = Δ) of (a) An, (b) Fe, and (c) Sr vs. Mg of plagioclase.
Unpublished data provided by Charles Bacon indicated by *. Positive Δ denotes core to
rim increase; negative Δ indicates core to rim decrease. Number of data points vary due
to detection limits.

114
I propose that the andesite of the central platform formed when new magma
remobilized LSr and Bytownite antecrysts. Data indicate that CP possibly mixed with
two types of new magma: LSr andesite and basaltic magma. Evidence for new andesitic
magma includes a small euhedral phenocryst that has the lowest core

87

86

Sr/ Sr (Figure

24a, crystal 04b) and low An, but is enriched in Sr, Mg, Fe and Ti. The core of the small
basalt phenocryst in CP (Figure 24a, crystal 23a) has higher

87

86

Sr/ Sr and is depleted in

Sr, Fe, Mg and Ti relative to the small andesite phenocryst, suggesting it crystallized
from a more mafic but slightly more radiogenic magma. Thus, the CP andesite likely
formed when new basaltic and andesitic magmas intruded into and mixed with crystal
mush that contained LSr and Bytownite antecrysts.
Wizard Island-One
Plagioclase populations in subaqueously erupted Wizard Island include LSr
antecrysts from the common isotope range, radiogenic granitoid antecrysts, basalt
antecrysts and phenocrysts, and andesite phenocrysts (Table 14). The single HSr
plagioclase crystal (175-07a) from the postcaldera andesites has

87

86

Sr/ Sr in the common

isotope range (Figure 24b). Radiogenic antecrysts were likely incorporated into WI-1
andesite by assimilation of granitoid wall rock. The strongest evidence for assimilation
of these crystals is their

87

86

Sr/ Sr, which are similar to or higher than plagioclase in the

climactic rhyodacite (Figure 22). Some cores and rims of large WI-1 crystals have
relatively high incompatible element concentrations (Figure 21), reflecting rim growth in
a highly evolved magmatic environment.
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Magma mixing is another process that produced WI-1 andesite and is best
illustrated by An and Fe changes from core to rim (Figure 25b). Bytownite antecrysts and
radiogenic plagioclase (represented by crystals with core An < ~ 50 mol %) have a
common An and Fe range in the rims, suggesting that both of these plagioclase
populations mixed with new andesite and had time to grow rims of ~An60–70 before being
erupted. More evidence for magma mixing is core to rim increases in Mg, with about
half the population increasing in An and Sr as well, and most increasing in Fe (Figure
26). Trace element evidence of magma mixing is that all of the medium and most of the
small plagioclase crystals are enriched in Sr relative to the large plagioclase (Figure 20),
and some small and all medium plagioclase is depleted in incompatible trace elements
relative to the large crystals (Figure 27).
I propose that early Wizard Island andesite formed by remobilization of LSr and
Bytownite antecrysts by new andesite and basalt. Andesite phenocrysts crystallized from
new andesitic magma; Bytownite (basalt) phenocrysts crystallized from new basaltic
magma. The heat from new magma partially melted and assimilated the surrounding
granitoid wall rock or blocks of the granitoid that were incorporated into the mushy
magma storage region that remained after caldera collapse.
Wizard Island-Two
Plagioclase populations (Table 14) include LSr antecrysts from the common
87

86

Sr/ Sr range (Figure 23), Bytownite antecrysts, basalt phenocrysts (Figure 15), and

andesite phenocrysts.

87

86

Sr/ Sr indicates only one distinct population based on core
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La (ppm)

A

La (ppm)

B

La (ppm)

C

La (ppm)

D

La (ppm)

E

Sr (ppm)

Figure 27. La vs. Sr for plagioclase cores by size. Sample identified in upper left
corner; color and symbol indicate size. WI-1 crystal 07 omitted for clarity (2650
ppm Sr, 3.61 ppm La). Microlite of WI-2 has 16.32 ppm La is also omitted for
clarity.
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ratios (Figure 28a); however, magma mixing with a less radiogenic magma is indicated
by the lower

87

86

Sr/ Sr of the rim of a medium phenocryst (Figure 28a, crystal 22b).

Magma mixing is further indicated by small plagioclase that is enriched in Sr relative to
medium and most large crystals (Figure 20) and depleted in incompatible La relative to
medium crystals (Figure 27), suggesting new growth occurred in a magma more mafic
than that represented by the LSr antecrysts.
I propose that andesite from WI-2 formed when new basalt and new LSr andesite
remobilized LSr and Bytownite antecrysts. Field evidence for magma mixing with basalt
is the mafic inclusion of WI-2 and additional inclusions in subaerial Wizard Island
reported by Charles Bacon (pers. comm.).
Merriam Cone
Plagioclase populations include LSr antecrysts, a rare radiogenic antecryst with
87

86

Sr/ Sr of 0.70352 (Figure 23), Bytownitic antecrysts (Figure 15), and phenocrysts of

andesite and basalt (Table 14). The presence of a granitoid antecryst suggests that at least
some wall rock assimilation occurred in MC. The radiogenic plagioclase (An < 40) is
consistently higher in Ce and La (Figure 21) and lower in Mg and Fe (Figure 17) relative
to other plagioclase in Merriam Cone and plots with plagioclase from RD. Further
evidence of assimilation of material that is more radiogenic than the bulk of the crystals
87

86

is that the rims of some plagioclase are enriched in Sr/ Sr relative to their cores
(Figure 28b), indicating that they finished their growth in a more radiogenic environment.
Magma mixing also occurred to produce MC andesite. Small euhedral to
subhedral Bytownitic (basalt) plagioclase is interpreted to represent crystal growth in new
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A

B

87

86

Figure 28. Sr/ Sr vs. An of plagioclase from (a) Wizard Island (WI-2) and (b)
87
86
87
86
Merriam Cone. The common Sr/ Sr range is shaded blue. Whole rock Sr/ Sr
ranges of climactic eruption products defined in Figure 22.
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mafic magma that remobilized the LSr and Bytownite antecrysts and mixed. The
presence of andesitic phenocrysts also indicates magma mixing.
Magma mixing is further recorded in the wide range of

87

86

Sr/ Sr of plagioclase

(Figure 28b) reflecting different magmatic environments. A core to rim decrease in
87

86

Sr/ Sr of plagioclase indicates that the crystal experienced magma mixing with a less

radiogenic magma (Figure 28b, crystals 07a and 10a); core to rim increase in

87

86

Sr/ Sr

indicates assimilation of wall rock (Figure 28b, crystals 26 and 34a). Minor element data
also support magma mixing in that most rims are enriched in Mg relative to their cores,
and about half are enriched in Fe and Sr (Figure 26). Incompatible trace element data
also show that small plagioclase contain about the same amount of La as the large
crystals (Figure 27), but the medium crystals are enriched, possibly indicating that the
medium crystals grew in an evolving magma enriched in incompatible trace elements due
to fractional crystallization, or enriched in trace elements due to assimilation of a more
evolved material, such as the surrounding wall rock.
I propose that the andesite of MC formed when LSr and Bytownite antecrysts
from the climactic magma chamber were remobilized by new basalt and/or andesite.
Assimilation of wall rock incorporated radiogenic plagioclase and resulted in more
radiogenic

87

86

Sr/ Sr.
Rhyodacite Dome

Plagioclase populations in the rhyodacite include granitoid antecrysts, and
andesite phenocrysts from the postcaldera andesite (Table 14). The majority of
plagioclase is small (rarely medium) euhedral phenocrysts; Figure 14 shows anomalous
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med and large plagioclase in RD with some resorption textures. The An range for the
majority of plagioclase is An 34-44; a few plagioclase have slightly higher An of 48-51;
one outlier has relatively high An 66 (Figure 15). Strong evidence for fractional
crystallization is core to rim decreases in Mg, An, Sr, and Fe (Figure 26).
Strong evidence for assimilation of granitoid wall rock and incorporation of
granitoid antecrysts is the radiogenic range (> 0.70355) of some medium plagioclase
(Figure 23) relative to other rhyodacite plagioclase. More evidence for assimilation is
seen in the incompatible trace elements of the cores (Figure 27). For the three medium
cores with

87

86

87

86

Sr/ Sr data, the Sr/ Sr range is 0.70338–0.70363. This suggests that the

medium crystals came from different environments. I propose that the medium and large
crystals with the lowest

87

86

Sr/ Sr (0.70340) are antecrysts from the andesite magma that

cooled and fractionally crystallized. The medium crystals with

87

86

Sr/ Sr > 0.70354 are

87

86

antecrysts from the granitoid wall rock; to attain relatively high Sr/ Sr (Figure D-1),
assimilation of more radiogenic crustal material is required.
According to in situ plagioclase data, the rhyodacite formed from fractionally
crystallizing postcaldera andesite and assimilation of granitoid wall rock. I propose the
radiogenic plagioclase is from the granitoid wall rock. That the Mazama climactic
magma chamber resided in granitoid wall rock has been previously established (Druitt &
Bacon, 1986; Bacon et al., 1989; Bacon, 1992). Bacon and Lowenstern (2005) constrain
the age of the granitoid pluton as late Pleistocene and identified up to 80% recycled
plagioclase from the granitoid pluton in the pre-climactic rhyodacites. Recycling of
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plutonic plagioclase antecrysts is a common occurrence in the climactic magma chamber
and apparently continued in the postcaldera magma system.

Model for the Evolution of the Postcaldera Magmatic System
Overview
Based on identification of five distinct crystal populations in the postcaldera
eruptions, I will propose a model for the origin of the postcaldera andesites and
rhyodacite and the evolution of the postcaldera magma chamber. First, I will review
Druitt and Bacon’s (1988) model for the evolution of the climactic magma chamber. A
model for the evolution of the postcaldera magmatic system will follow.
The early climactic chamber (Figure 4a) was dominated by LSr rhyodacite
derived from fractionation of LSr andesite (Bacon & Druitt, 1988; Druitt & Bacon, 1988,
1989) and assimilation of granitoid plutonic wall rock (Bacon et al., 1989, 2000; Bacon,
1992; Bacon & Lowenstern, 2005). During the late Pleistocene and early Holocene, HSr
magma was injected into the growing magma chamber (Figure 4b). The involvement of
basalt in the generation of climactic rhyodacite is indicated by Bytownitic plagioclase in
HSr and mafic scoria, but the timing is unconstrained (Druitt & Bacon, 1989). Because
of density differences between the intruding magma, the overlying rhyodacite, and the
crystals on the chamber floor, the intruding andesite would pond between the overlying
convecting rhyodacite; cooling and crystallization would deposit newly formed crystals
on the chamber floor. Two distinct andesite magmas, HSr and LSr, were parental to the
growing climactic magma chamber; evidence for this is HSr scoria, LSr scoria, and HSr
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and LSr plagioclase. If the intruding magma were basalt, density dictated that it rose no
further than the crystal mush pile on the chamber floor; evidence for this is the
Bytownitic plagioclase and mafic scoria of the climactic eruption.

Proposed Model for the Evolution of the
Postcaldera Magma Chamber
As Mount Mazama’s summit was down-dropped along ring-fractures, it
3

evacuated ~ 50 km of the upper portion of the magma system including a dominant
volume of rhyodacite magma, HSr and LSr crystal mush, and mafic crystal mush (e.g.,
Druitt and Bacon, 1989). In situ plagioclase data from this study indicate only LSr and
mafic crystal mush dominated the residual material (Figure 29a).
The vents for Wizard Island (e.g., Figure 29b) and Merriam Cone are above the
proposed ring fractures and closer to the Pleistocene granitoid wall rock than is the vent
for the central platform (Figure 29c) that is located in the approximate center of the
caldera (Nelson et al., 1994). The proximity to ring-vent fractures possibly facilitated the
movement of magma; contact of hot magma with the surrounding rock produced
assimilation. Or, alternatively, blocks of Mazama’s summit constructed by > 400 ka of
volcanism, a substantial amount of which was rhyodacite during the last 30 ka, were
disaggregated and incorporated into the magma and WI-1 and CP were in contact with a
greater proportion of disaggregated blocks of Mazama’s summit.
New basalt and new LSr andesite were introduced into the magma system,
3

perhaps in response to pressure adjustments from the removal of 50 km of magma or by
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Figure 29. Proposed model for the evolution of the postcaldera magmatic system. Order
of eruption proposed by Bacon et al., 2002. (A) Schematic cross sectional view of the
postcaldera magma chamber after the climactic eruption. General outline of Crater lake
caldera; current lake level represented by blue line. (B) Early subaqueous Wizard Island
vent above ring-fracture (Nelson et al., 1994).
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Figure 29 (continued). (C) Central platform erupts concurrently with Wizard Island. The
central platform’s vent is not above the ring-fracture zone. (D) Merriam Cone’s vent is
above the ring-fracture (Nelson et al., 1994).
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Figure 29 (continued). (E) Wizard Island (WI-2) continues to erupt. Magma supplied by
source that supplied early erupting CP (?); mafic inclusions are present in both WI-2 and
CP. (F) The rhyodacite erupts ~ 3,000 years later.
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tectonic unrest (Bacon et al., 1999) and/or continuing fault displacement under the
Mazama edifice since 7 ka (Coleman et al., 2000). The introduction of new magma
and/or heat from new magma remobilized the crystal mush pile (LSr antecrysts and
Bytownite antecrysts) on the floor of the climactic magma chamber. Because Merriam
Cone and Wizard Island vents were closer to the chamber walls or blocks of the Mazama
edifice (Figure 29d), assimilation of the wall rock occurred and mixed with the newly
remobilized crystal mush pile + new melt from andesite and basalt.
The central platform vent was farther from the wall rock (Figure 29c). When new
basalt and new andesite remobilized the crystal mush pile, assimilation was less likely.
Because of vent configuration and/or location (closer to the intruding magma source), the
central platform experienced only magma mixing with residual crystals from the mush
pile and new magma.
As with early erupting Wizard Island, Merriam cone’s vent (Figure 29d) was
above the ring fractures. Because of its location, when new basalt and new LSr andesite
remobilized the residual LSr antecrysts and Bytownite antecrysts (± melt), the hot magma
assimilated granitoid blocks that mixed with the new magma and antecrysts.
While the central platform and Merriam Cone were erupting, subaerial eruptions
continued to build Wizard Island (Figure 29e). New LSr andesite and basalt magma
intruded the chamber and remobilized the antecrysts. I propose that the source that
supplied magma to subaerially erupting Wizard Island was the same as for the central
platform. Evidence for this is both contain plagioclase with the lowest
87

86

87

86

Sr/ Sr

(<0.70320). Plagioclase crystals with such low Sr/ Sr are not present in the early
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erupting Wizard Island andesite or in Merriam Cone. Bacon et al., (2002) contend that it
is possible that magma from the Wizard Island could have fed the central platform’s lava
field flow that extends up to 4 km east of its base (Figure 5). Perhaps instead of Wizard
Island supplying magma to the central platform, the central platform conduit intersected
that of Wizard Island and provided a new route for new magma to mix with that of
subaerial Wizard Island. Both Wizard Island subaerial eruptions and some samples from
the central platform contain mafic inclusions (Bacon, pers. comm.), and both contain
87

86

plagioclase with the least radiogenic Sr/ Sr (Figure 23) suggesting magma mixing with
a more mafic magma. These features are absent in early erupting Wizard Island (WI-1)
and MC.
About 3,000 years after the cessation of andesite eruptions, rhyodacite erupted
between Wizard Island and the central platform (Figure 29f). Bacon and Druitt (1988)
proposed that the postcaldera rhyodacite fractionally crystallized from postcaldera
andesite with assimilation of an unknown material. Data from this study confirm that
some plagioclase did fractionally crystallize from evolving postcaldera andesite, while
other plagioclase is similar to radiogenic antecrysts, and yet other plagioclase is
chemically similar to plagioclase in postcaldera andesite. My data also confirms that
87

86

assimilation occurred; whole rock Sr/ Sr of climactic rhyodacite is the same or higher
than that of the pre-climactic rhyodacite (Figure 30). Previous research has shown that
late Pleistocene granitoid wall rock was the assimilant in the pre-climactic rhyodacite
(Bacon & Lowenstern, 2005; Bacon et al., 2000). The whole rock

87

86

Sr/ Sr and Sr

content of the postcaldera rhyodacite is within the range of the pre-climactic rhyodacite.
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87

86

Figure 30. Whole rock Sr/ Sr vs. Sr of the pre-climactic rhyodacite, climactic and
postcaldera eruptions. Filled symbols indicate the samples used in this study. Data from
Bacon et al., 1994; unpublished data from Charles Bacon.
Because of this, and because some plagioclase in the postcaldera rhyodacite have
relatively high

87

86

Sr/ Sr compared to other plagioclase in the postcaldera rhyodacite, I

propose that the assimilated material in the postcaldera rhyodacite is late Pleistocene
granitoid wall rock. I submit that the intrusions of new magma into the postcaldera
magma system ceased or the flux rate diminished, which allowed the postcaldera andesite
to cool and crystallize and produce rhyodacite.
When comparing the whole rock

87

86

Sr/ Sr of andesites from the Mazama edifice

building stage to postcaldera andesites (Figure 31), one notes that the andesites of the
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87

86

Figure 31. Whole rock Sr/ Sr vs. age of andesite of the Mazama edifice and nearby
87
86
volcanoes. From the beginning of the edifice building stage ~ 400 ka, the Sr/ Sr of
87
86
andesite had a low and narrow Sr/ Sr range of 0.70320–0.70340. After ~ 155 ka, the
87
86
Sr/ Sr signature became more radiogenic. Andesite of monogenic cone Timber Crater
87
86
(19 ka) is the most recent low Sr/ Sr andesite. #705 is from the monogenetic cone
southeast of Lookout Butte; #306 is from the southwest caldera wall. Sample numbers
are U.S.G.S. sample numbers. (Modified from graph in Bacon et al., 1994 and OFR 89178; data from the same).
87

86

early Mazama edifice building stage (155–400 ka) has whole rock Sr/ Sr that is
distinctively lower than the andesites erupted after 100 ka. Comparing whole rock
87

Sr/ Sr data (provided by Charles Bacon) of the postcaldera andesite with single crystal

86

87

Sr/ of plagioclase with lower

o

87

86

Sr/ Sr than the whole rock and more Sr by ~ 500 ppm

than is in the whole rock is apparent. (An exception to this is WI-1 in which some
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87

86

Figure 32. Sr/ Sr vs. Sr of plagioclase and whole rock ratios of early Mazama (400100 ka) andesite, climactic scoria, and postcaldera samples. Abbreviations are same as in
87
86
text. Whole rock (WR) Sr/ Sr data for the postcaldera samples are defined in Figure
87
86
23. WR Sr/ Sr ranges for the climactic eruption products are defined in Figure 22.
Early Mazama andesite from the southwest caldera wall (#306) and monogenic cone
southeast of Lookout Butte (#705), and climactic LSr scoria and HSr scoria are plotted
for comparison; samples are identified by USGS sample numbers. (WR data from Bacon
et al., 1994; and USGS OFR 89-178).
radiogenic plagioclase plot slightly below or above its whole rock
of lower

87

87

86

Sr/ Sr.) If the trend

86

Sr/ Sr and higher Sr concentration is extrapolated to the plagioclase from CP
87

86

and WI-2 with Sr/ Sr < 0.70320, a parental magma type can be inferred. Figure 32
shows early andesite from the caldera wall (#306) and andesite from a monogenic cone
(#705) plotted with plagioclase crystals from the postcaldera andesite; Figure 31 shows
the same samples plotted with other Mazama andesites. I propose that the new low
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87

86

Sr/ Sr magma that entered the postcaldera magma chamber is from the same source as

the earlier edifice building stage as is represented by early Mazama andesite with whole
rock

87

86

Sr/ Sr < 0.70340, indicating the existence of a long-lived and still viable mafic

magma supply to the Mazama system.
The evolution of the postcaldera magma system following the large silicic
eruption includes magma mixing with a more mafic magma soon after the eruption, and
fractional crystallization of the cooling andesite, indicating a thermal environment that
supported cooling and crystallization to rhyodacite bulk composition; this may suggest a
diminished supply of new mafic magma to the postcaldera magma chamber.
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CHAPTER VI
CONCLUSIONS
Plagioclase in situ chemical data coupled with high-resolution NDIC and BSE
images collected in this study were used to identify five distinct crystal populations in the
postcaldera andesites and rhyodacite. These include LSr antecrysts, granitoid antecrysts,
Bytownite antecrysts, basalt phenocrysts, and andesite phenocrysts. Textural observations
of plagioclase crystals were used to distinguish antecrysts from the LSr scoria and mafic
scoria from new phenocrysts that indicate new magma.
The proposed origin for the LSr and Bytownite antecrysts is the residual crystal
mush from the floor of the climactic magma chamber. LSr plagioclase and Bytownite
plagioclase were identified in the climactic scoria (Druitt & Bacon, 1989). LSr antecrysts
in the postcaldera andesites are residual from the LSr crystal mush erupted as LSr scoria
of the latter part of the climactic eruption. Bytownitic antecrysts in the postcaldera
andesites indicate remobilization of residual Bytownite reported in the mafic scoria of the
climactic eruption.
Granitoid antecrysts are proposed to have originated in the granitoid wall rock of
87

86

the climactic chamber. They were identified by their radiogenic Sr/ Sr > 0.70355;
these are present in the rhyodacite (RD), early erupting Wizard Island (WI-1) and in
Merriam Cone (MC). Bacon and Lowenstern (2005) identified plagioclase from the late
Pleistocene granitoid wall rock in the pre-climactic rhyodacite.
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Basalt phenocrysts and andesite phenocrysts are proposed to have originated in
new magma that was supplied to the postcaldera magma system and remobilized the
residual plagioclase from the climactic chamber.
Processes that impacted the postcaldera magma chamber include magma mixing,
fractional crystallization, and assimilation. Evidence for magma mixing includes
enrichment of Fe, Mg, and Sr in the rims of some plagioclase from all of the postcaldera
andesites and the low

87

86

Sr/ Sr < 0.70320 of plagioclase from the central platform and

later erupting Wizard Island (WI-2). Evidence for mixing with a more mafic magma are
basalt phenocrysts and andesite phenocrysts in the postcaldera andesites. The presence of
basalt phenocrysts suggest mixing with new basalt magma. The presence of andesite
phenocrysts with

87

86

Sr/ Sr < 0.70320 suggest mixing with a less radiogenic andesite

magma. Druitt and Bacon, (1989) report that basalt magma must have entered the
climactic magma chamber as is evidenced by the presence of Bytownite crystals in the
HSr and mafic scoria of the climactic eruption. Mafic inclusions from subaerial Wizard
Island and the central platform are field evidence for magma mixing in the postcaldera
andesites.
Fractional crystallization of postcaldera andesites and assimilation of wall rock
produced the postcaldera rhyodacite. Evidence for fractional crystallization is
plagioclase that exhibits core to rim decreases in An, Fe, Sr, and Mg. Evidence for
87

86

assimilation is the radiogenic Sr/ Sr of some plagioclase in RD and relatively
radiogenic whole rock of RD (whole rock data from Charles Bacon). Assimilation of
wall rock is also seen in the radiogenic plagioclase in WI-1 and in MC.
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New information about the postcaldera magma system gleaned from this research
include:
(1) With the exception of one crystal, all analyzed plagioclase from postcaldera samples
is LSr. The implications of this are that a dominant volume of the HSr climactic magma
was erupted.
(2) Bytownitic LSr antecrysts zoned to LSr rims were identified in the postcaldera
andesites. Prior to this study, only LSr and HSr antecrysts zoned to HSr rims were
identified (Druitt and Bacon, 1989). The discovery of LSr rims suggests LSr melt was
present in the postcaldera magma chamber. Specifically, LSr rims on Bytownitic and
LSr antecrysts suggest that the postcaldera magma system was experiencing recharge
with new LSr magma. This is further substantiated by the presence of LSr andesite
phenocrysts.
(3) Bytownitic phenocrysts were identified, indicating the intrusion of a basaltic magma
in the postcaldera system at the time of the postcaldera eruptions.
(4)

87

86

Sr/ Sr of plagioclase indicates the presence of new LSr andesite.
While these conclusions are robust, additional data would strengthen them and

allow further exploration of the characteristics and timing of magma recharge, mixing,
fractional crystallization, and assimilation. This knowledge would expand our
understanding of how large shallow upper crustal magma systems evolve after a large
silicic eruption. The results of my research have provided a foundation for further study.
Additional research should include documenting in situ and textural characteristics of
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plagioclase crystal populations in pre-Mazama, the pre-climactic, and the climactic
rhyodacite.
Another useful crystal population comparison would be to identify plagioclase
populations in the early andesitic and mafic Mazama eruptions that are thought to
represent the parental magmas of the climactic chamber (e.g., Red Cone and Williams
Crater basalt) along with andesitic inclusions in pre-climactic rhyodacite.
Further investigation of mafic inclusions from Wizard Island and those reported
in the central platform (pers. comm. Charles Bacon) would allow a comparison with
plagioclase in the mafic inclusions found in the pre-climactic rhyodacite. Such
information about their crystal populations could add insight into the late mafic magma
involvement in the postcaldera magmatic system and the longevity Mount Mazama’s
magmatic focus.
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